The
University
Of
Sheffield.

Searches for Supersymmetry With
Multiple b-jets With the ATLAS

Detector

Jack Joseph Hall
Supervisor: Prof. Daniel R. Tovey

Department of Physics and Astronomy
The University of Sheffield

This thesis is submitted for the degree of
Doctor of Philosophy

20th February 2023



Dedicated to the memory of John James Hall



Searches for Supersymmetry With Multiple b-jets With the ATLAS Detector

Author: Jack Joseph Hall, University of Sheffield
Supervisor: Prof. Daniel R. Tovey, University of Sheffield
Internal Examiner: Dr. Matthew Malek, University of Sheffield

External Examiner: Prof. Tina Potter, University of Cambridge

Printed in Sheffield

Second edition, February 2023




Abstract

This thesis presents two searches for supersymmetry using proton-proton collision data
collected with the ATLAS detector from 2015 to 2018 corresponding to the Run 2 dataset
with a total integrated luminosity of 139fb™"' at /s = 13 TeV. The calibration of the
DL1r algorithm responsible for the identification of jets originating from b-hadrons (b-jets)
for jets reconstructed using the ParticleFlow algorithm and the Run 2 dataset, is also

presented.

The first search targets the supersymmetric signature of pair-produced gluinos decaying
to top-anti-top or bottom-anti-bottom pairs and the lightest neutralino. The resulting
detector signature is expected to contain multiple b-jets and large amounts of missing
transverse energy. The second search presents a model-independent strategy that utilises
a Gaussian function to search for excesses above the Standard Model (SM) in a observable
sensitive to beyond the SM (BSM) events. No significant excesses above the SM prediction
were observed from either search. Subsequently, 95% confidence limits (CL) were set in
the gluino-neutralino mass plane and for the cross section of a signal distributed according
to Gaussian function, respectively. Additionally, model-independent limits on the number
of BSM events at 95% CL have also been set.
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Chapter 1

Introduction

Over the past century, there has been a substantial development in the physical understanding of
what constitutes the fundamental building blocks of the Universe. Ranging from the particles that
form observable matter, to the mathematics of how they interact and obtain their mass; all can
be understood from the Standard Model (SM) of particle physics. Measurements of the properties
of the SM from high-energy particle physics experiments indicate the theory to be successful to
a high level of precision. However, from astrophysical and cosmological measurements of dark
matter, the baryonic matter we understand so well only contributes to a small fraction to the
composition of the Universe. Because of this and other unexplained phenomena, there are strong

indications that the SM of particle physics is incomplete.

One particularly concerning aspect of the SM is the sensitivity of the Higgs mass to quantum
corrections at large energy scales. For the Higgs mass to be consistent with that observed from
the Large Hadron Collider (LHC), large cancellations of these terms would be required at high
energy scales, which is not currently expected in the SM. Supersymmetry (SUSY) provides a
solution to this problem by introducing supersymmetric particles that cancel the large corrections.
The lightest supersymmetric particle (LSP) also has the characteristics that correspond to a
weakly interacting massive particle (WIMP). Therefore, SUSY provides an elegant extension
to the SM for large energy scales and provides a solution to a key challenge in modern particle

physics; dark matter.

The LHC is a proton-proton circular collider with collision energies in the TeV scale. The collider
is capable of producing all SM particles as well as heavier beyond the SM (BSM) particles,
should they exist. This energy scale also determines the subsequent two primary objectives of
the LHC programme following the discovery of the Higgs boson in 2012. These are; measuring
the properties of all SM particles and probing the existence of new physics. The aim of this
thesis is to contribute towards the latter, using data recorded from 2015 to 2018 at the ATLAS
experiment corresponding to the Run 2 dataset with a total integrated luminosity of 139fb ™! at
Vs =13 TeV.

The hadronisation of quarks and gluons in a detector are reconstructed as jets. Jets originating

from b-quarks (b-jets) are common detector signatures at hadron colliders because of their
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production in QCD interactions, the coupling of the Higgs boson to massive particles, top quark
decays and their production in BSM processes. Therefore, the ability to correctly identify and
classify a b-jet is an important challenge at the ATLAS experiment. To do this, b-jet identification
algorithms are used, in a process known as b-tagging. The algorithm has a different efficiency for
correctly b-tagging jets for data and simulation. Therefore, a measurement must be performed
for simulated events to correctly calibrate for the efficiency observed in the data. This provides a

collection of calibrated b-jets for use in the ATLAS physics programme.

This thesis presents the search for SUSY with events originating from the decays of the su-
persymmetric partner of the gluon (gluino), because of the high production cross section at
hadron-hadron colliders. Gluinos are expected to predominantly decay to the supersymmetric
partners of quarks (squarks), with the third generation expected to dominate from being the
lightest. Therefore, the detector signature is expected to contain multiple b-jets and large
quantities of missing transverse momentum. Two searches for SUSY are performed in this thesis
that target this process. The first is an evolution of the searches performed in Refs. [1, 2] and
uses the ATLAS Run 2 dataset. The previous searches (2015 to 2016 data corresponding to
a total integrated luminosity of 36.1fb ! [1] and 2015 to 2017 data corresponding to a total
integrated luminosity of 79.8fb [2]) found no statistically significant excesses above the SM,
consistent with other searches for SUSY at the ATLAS and CMS experiments using the Run 2

dataset.

The second search focuses on a novel method to improve the existing ATLAS SUSY search
strategy, which depends highly on the signal processes sought. This method makes use of a generic
mathematical function to search for deviations in the data with respect to the SM expectation
for a given observable. The example illustrated in this thesis uses a Gaussian function and the
observable is the logarithm of a quantity that sums the transverse momentum of the hadrons
and leptons and the missing transverse momentum in the event. The benefits of this method
are three-fold. Firstly, the statistical inference technique exploits the shape of the observable
to enhance sensitivity to signal processes with a small mass difference between the produced
SUSY particle and the LSP. Secondly, the use of an arbitrary mathematical function extends the
sensitivity of the search, beyond a targeted signal process, to a greater number of BSM processes.
Finally, there is a simplification of the process to interpret the results of the search in context of
different BSM processes. This is because the 95% confidence limits are presented as a function

of the mathematical shape parameter(s), not parameters of specific signal processes.

The opening component of the thesis begins by summarising the theoretical basis. It starts
in Chapter 2 with a discussion of the framework that provides the current best theoretical
predictions of particle physics; the SM. The chapter is concluded with a description of the various
limitations of the SM; SUSY provides an elegant solution to several of these. Therefore, Chapter 3
discusses the mathematics of supersymmetry and the resulting phenomenological consequences,

which allow a detector signature to be sought at the LHC.

The subsequent component is dedicated to the experimental foundations and methodology of

the thesis. Chapter 4 introduces the phenomenological principles of proton-proton collisions.



This motivates the discussion, in Chapter 5, of the methods for detection and reconstruction of
the particles produced in pp collisions detected by the ATLAS experiment. The final chapter
comprising the methodology section is Chapter 6, which discusses the statistical inference

techniques used by the subsequent analysis chapters.

The final component contains the various analyses and measurements performed with significant
contributions from the author. Chapter 7 presents the measurement of the b-tagging efficiency for
the DL1r b-tagging algorithm for simulated events with jets reconstructed with the ParticleFlow
algorithm. This is followed by Chapter 8, where the Run 2 search for pair-produced gluinos
decaying to multiple b-jets and large quantities of missing transverse momentum is presented.
Chapter 9 presents the search for SUSY using a Gaussian function and the results are reinterpreted
for signal events, where pair-produced gluinos decay to multiple b-jets and large quantities of

missing transverse momentum.
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Chapter 2

The Standard Model

Over a century of development in the quantum understanding of the observable matter of the
Universe has resulted in the Standard Model (SM) of particle physics. The framework includes all
the properties of the currently detected particles and the particles responsible for the interactions
between them. The predictions of the SM are being studied in high-energy particle physics
(HEP) experiments and so far, have been found to be consistent with experimental observations
for various measurements. Consequently, the SM currently comprises the greatest understanding
of particle physics. This chapter will begin by introducing the mathematical basis of the theory,
which results in the physical processes observed in HEP experiments. The SM, however, is known
to be an incomplete theory and therefore, the chapter is concluded with a discussion in relation

to these limitations.

2.1 The Standard Model

2.1.1 Symmetries

The SM of particle physics is a combination of two quantum field theories (QFTs); Electroweak
Theory (EWT) and Quantum ChromoDynamics (QCD). EWT is the unification of Quantum Elec-
troDynamics (QED) and the weak interaction for energy scales above the order of (O(246 GeV))
due to electroweak symmetry breaking (EWSB). QCD is the framework describing the strong
interaction. Therefore, the SM describes all known fundamental interactions excluding gravity.
For each QFT, the field is required to be invariant under specific transformations known as gauge

symmetries. The combined conserved symmetry of the SM is given by

Gy = SU(3), x SU(2),, x U(1)y, (2.1)

where (S)U(NV) is a (special) unitary group of N dimensions and so, SU(3)., SU(2); and

U(1)y are the unbroken gauge symmetries corresponding to the strong, weak and electromagnetic
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interactions respectively. The conserved quantities of the unbroken symmetries of QCD, weak and

QED interactions are colour charge (c), weak isospin (I3) and weak hypercharge (Y') respectively.

The generators of the SU(2); group correspond to three massive gauge bosons of the weak
interaction, where their non-zero mass would break the gauge symmetry of the electroweak
(EW) interaction. However, the masses of the bosons associated with the SU(2);, group can be
non-zero if the symmetry is broken from EWSB or, equivalently, the Brout-Englert-Higgs (BEH)
mechanism. The non-zero vacuum expectation value of the Higgs field spontaneously breaks
EW symmetry, resulting in three massive and one massless bosons. QCD remains unbroken and
therefore also has a massless gauge mediator. The SM was confirmed to be a spontaneously
broken gauge theory by the discovery of the Higgs boson resonance with a mass ~ 125 GeV [3,
4].

2.1.2 Particles

The SM of particle physics is a framework that also allows all known fundamental particles to be
classified into groups based upon their properties. It can be most simply separated into fermions
and bosons. Fermions constitute the observable matter of the Universe and are characterised by
their half-integer spin. Whereas, bosons are the mediators of the fundamental interactions of
the Universe, characterised by their integer spin. A schematic presenting these can be seen in

Figure 2.1.
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Figure 2.1: The elementary particles of the Standard Model. Taken from Ref. [5].
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Fermions can be split into two further elementary particles; quarks and leptons. Exactly three
generations of fermions exist, where each subsequent generation has a larger mass than that
proceeding it. In the lepton sector, each generation also has a unique lepton flavour. Each SM
fermion also has an equivalent antimatter particle, where they have equal mass but all other
quantum numbers are the negative of the matter particle. The only exception related to this
is the neutrino sector, where right-handed (RH) neutrinos and left-handed (LH) anti-neutrinos

have never been observed.

Within Figure 2.1 is a visualisation of the permitted interaction mechanisms for the SM fermions.
The weak interaction couples to all massless LH fermions and RH anti-fermions. Quarks are
the only elementary particles that interact via the strong force because of their colour charge.
Charged leptons possess electric charge and consequently can interact electromagnetically or via
the weak interaction. The interaction rate for neutrinos is known to be very small because they

are electrically and colour neutral and hence, only interact via the weak force.

Figure 2.1 also presents the respective mediator(s) for each interaction. Both the photon and
gluon are massless, whereas the gauge bosons have relatively large masses obtained from the
BEH mechanism. The spin-0 Higgs boson is distinct from all other SM bosons because its
interaction is completely unique, where the coupling to fermions and bosons is based upon their
mass. The Higgs boson is responsible for the origin of mass for all fermions and bosons via the

BEH mechanism and therefore, has an essential purpose in the SM.

2.1.3 Electroweak Symmetry Breaking and the Higgs

The previous section described the essential inclusion of the EWSB mechanism in the SM. This
section will discuss the mechanism in greater detail to motivate a broader discussion of the Higgs
potential. The EWSB mechanism posits a self-interacting complex scalar SU(2) doublet field
(¢), with four degrees of freedom, given by [6];

1 ' +
b= — o1+ l‘¢2 _ ¢>0 . (2.2)
V2 \ @3 +idy ¢
The scalar field couples to the EW gauge fields through the covariant derivative (D") in the
kinetic terms of the Higgs Lagrangian (Lyges) [7];

Litg = (D,0)/(D"0) = V() where Do = (0, + %0, Wi +i¥B)o,  (23)

gw and ¢’ are coupling constants of the SU(2), and U(1)y symmetries, o, are the generators of
the SU(2);, group, Y =2(Q — I&i)) is the weak hypercharge and W;f for a =1,2,3 and B,, are

the four unbroken bosons of the EW symmetry. Also within Equation 2.3 is the scalar potential
(V(¢)) given by
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V() = 1’o'd+ No'9)*, (2.4)

where A is the quartic self-coupling parameter and must be positive for the potential to have a
finite minimum. The vacuum state of the potential corresponds to the minimum energy state of
the scalar field in Equation 2.4 [6]. If MQ > 0, which is depicted in Figure 2.2(a), the minimum of
the potential occurs at ¢ = 0 and the masses of the scalar and EW gauge fields would be zero,
which is not experimentally observed. If u2 < 0, which is depicted in Figure 2.2(b), the neutral
component of the scalar doublet acquires a non-zero real vacuum expectation value (VEV) given

by; (¢) = v/V2.

V(@
V(@

(a) (b)

Figure 2.2: The Higgs potential (V(¢)) when A > 0 and (a) > > 0 or (b) ® < 0. Taken from
Ref. [8].

Since there is an infinite set of potential vacuum state minima, the choice spontaneously breaks
the SU(2);, x U(1)y symmetry and the value of the VEV determines the scale of the symmetry
breaking [7]. By expanding the scalar field about the VEV, one can rewrite the neutral component
of the scalar field as [8];

—

o= %exp {2’6’-9(3;)/11}(1)—1—77(3:)), (2.5)

where 5(1') are three (massless) Goldstone' bosons associated with three of the four spontaneously

! Goldstone’s Theorem states that for every spontaneously broken continuous symmetry, the theory must contain
a massless particle called a Goldstone boson [9].



12 The Standard Model

broken generators of the electroweak group and n(x) is a massive scalar field.

Using the unitary gauge2 on the Lagrangian eliminates the Goldstone bosons and causes the
gauge bosons to gain longitudinal polarisation states, that is, acquire mass [6]. The charged
(neutral) W,} (WS ) and Wi (B,,) interaction eigenstates combine to form the physical W= (Z,7)
mass eigenstates. In the unitary gauge, the massive scalar field becomes the physical Higgs boson

(H), where the mass is determined from my = v2\v [6, 7).

The resulting Lagrangian is known as Salam—Weinberg model [6], where the mass terms and
couplings of the EW bosons can be identified. The mass term for the W boson is a function of

fixed parameters (g,, and v or equivalently, e and the Weinberg angle y;,) and is given by [6];

M eV g,

= where sinfy, = ————.
2 2sinfy W [ + 42
w

Using the experimentally measured values for the W boson mass and coupling, the obtained
VEV is v ~ 246 GeV and therefore (¢) ~ 174 GeV. The equations for the remaining EW bosons

are also obtained from the Salam-Weinberg model, where the observed masses for the two bosons

myy (2.6)

are consistent with the theorised prediction.

The Higgs boson is theorised to couple to fermions through Yukawa interactions via the Lag-

rangian,

Lyvukawa = U, 01, 9AR,; — Ju,dr, Pur, — 1,11, 0er, +hc., (2.7)

where q; (1) and ug, dg (eg) are the quark (lepton) SU(2); doublets and singlets®, respectively,
and :&fij for f = u,d,l are the Yukawa matrices for the up-quark, down-quark and charged
lepton sectors respectively [7]. Once the Higgs field acquires a VEV, for the ith fermion family
(i = u,d,l), a fermion acquires mass calculated by m;. =y v/ V2 [7] and so, all SM fermions
acquire mass through the Higgs boson due to EWSB. Since all gauge and fermions masses as well
as the gauge couplings are fixed by the scale of the VEV, the entire mass scale and interactions

of the SM are determined by the Higgs potential.

The observation of atmospheric neutrino oscillations [11] is only possible if there is a mass
hierarchy between the three generations of neutrinos, which would mean the masses would be
inherently non-zero. Cosmological observations have constrained the sum of the neutrino masses,
such that; Zi:evw
to be massless. If neutrinos are SM Dirac fermions, this would imply an unnaturally small
Yukawa coupling to the Higgs field (< 10_12) [6] and thus, it is probable that they obtain mass

by a different mechanism [6]. The SM can construct neutrinos to have mass if the mass term is

m,, < 0.3 eV. This is contrary to the SM prediction, which constructs them

Majorana. However, the classification of neutrinos being Majorana particles from the observation

*The unitary gauge is the gauge where the complex scalar field ¢(x) is entirely real i.c (x) = 0 [6, 10].
3Right—handed fermions are not SU(2);, doublets because the fermion mass Lagrangian term is forbidden by
SU(2); x U(1)y gauge invariance.
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of neutrinoless double beta decay is yet to occur.

The Higgs coupling to fundamental fermions is linearly proportional to the fermion masses,
whereas the couplings to bosons are proportional to the square of the boson masses, therefore it
does not directly couple to the gluon or photon [7]. The dominant mechanisms for Higgs boson
production and decay involve vector bosons (W, Z) and/or third-generation charged fermions.
The predicted fermion and gauge boson masses originating from each SM Yukawa coupling are

consistent with the experimental observations, which can be seen in Figure 2.3.
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Figure 2.3: The measured charged fermion and boson masses in accordance to the prediction
from the experimentally observed Higgs boson mass. Taken from Ref. [12].

The SM has 19 parameters; four from the electroweak sector (g,,, q, ,u2 and \), the combined
nine quark and charged lepton masses (or more precisely the nine fermion Yukawa couplings to
the Higgs field [6]), three mixing angles and one Charge-parity (CP)4 phase from the Cabibbo-
Kobayashi-Maskawa (CKM) matrix [13, 14] and from QCD, the QCD coupling and phase”. The
only unpredicted parameter is /f = my, which upon measuring determines all gauge couplings
and masses of all SM particles. Using the current average of the Higgs boson mass measurements
(myg = 125.25 £ 0.17 GeV [7]), implies A ~ 0.13 and |u| ~ 88.4 GeV. From constraints from
precision electroweak and flavour measurements, the Higgs boson seems a fundamental scalar
and weakly coupled up to the Planck scale; Mp = (SWGN)_O'5 =24 x 10" GeV [15].

*CP symmetry is the combined symmetry of charge-conjuation (C) and parity (P) symmetries.
®The QCD phase is experimentally known to be very small and so, is often assumed to be zero [6]).
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2.2 Limitations of the Standard Model

The experimental predictions of the Standard Model are consistent with the large majority of
observations in HEP experiments. However, experimental evidence from other fields, such as
astrophysics and cosmology, indicate that our understanding of particle physics is incomplete.
Also within this section, the aesthetic shortcomings of the SM will be discussed. Aesthetic
shortcomings could be those considered as those that do not result in the SM being mathematically

or physically incomplete but instead those that are desired to not be present.

2.2.1 Unexplained Phenomena

Dark matter (DM) and dark energy - One of the most significant pieces of experimental
evidence for additional matter not predicted by the Standard Model is the cosmological evidence
for a invisible and weakly-interacting (dark) matter in the Universe. The greatest direct evidence
for this originates from the analysis of galactic rotation curves, which are velocity distributions

of stars as they orbit the galactic centre [16]. By relating the classical centripetal acceleration to

N|=

the gravitational acceleration, one would expect the mass to be distributed oc 7~ 2, whereas it is
observed to be & 7, which suggests an additional component of non-luminous matter unaccounted

for.

Additional key evidence for dark matter originates from the cosmological and astrophysical
measurements of the large-scale structure of the Universe by measuring the cosmic microwave
background (CMB) radiation [17, 18]. These and other observations have provided a strong
experimental basis for the ACDM cosmological model, which is the Standard Model of cosmology
[6]. In the ACDM model of the Universe, the total energy density (£2) in the Universe is
consistent with the flat geometry of space-time predicted by inflationary models; © = 1 [6].
The current predictions from cosmological and astrophysical observations suggest that the
normal baryonic matter is Qp = 0.02237h"2 = 0.0493 [19-21], photons and neutrinos contribute
Q, =2.473 x 107°h? =5.38x 107 and Q,, =< 0.003 [19] respectively. Cold (i.e non-relativistic)
dark matter is Qg = 0.1200h2 = 0.265 [19-21] and the remaining component originates from
dark energy (25 = 0.685) [19, 20], where dark energy is the energy responsible for the accelerated
expansion of the Universe. This means that approximately only 5% of the energy density of the

Universe can be explained with the SM of particle physics.

A particle suggested as the solution to dark matter is the stable weakly-interacting massive
particle (WIMP), whose mass® and interaction rate is governed by the new physics associated
with the TeV-scale. The properties of the WIMP result in a particle compatible with the observed
density of dark matter [7]. Figure 2.4 presents the current experimental limits on the WIMP

mass limit as a function of the nucleon cross section.

5Because of the specified relic density at freeze-out, the so-called “WIMP miracle” suggests m, <5 TeV.



2.2 Limitations of the Standard Model 15

10736 10°

=
o
1

w

3

w6 20w 107
1040 CDMSLite (2018)

DAMIC (2020) 10-*

10-42 DarkSide-50 (2018) 1076

1S (2017)

XENON1T (2019) cyperCDV
SupéE 03600 (2019)

SI WIMP-nucleon cross section [cm?]
S| WIMP-nucleoncross section [pb]

1044 . . -
pandaX-ll (202Q)
10746 B -
KENON1T (2018)
10748 -
100 5
10° 10! o 10}

WIMP Mass [GeV/c?]

Figure 2.4: WIMP mass [GeV/c?] as a function of the nucleon cross section. Taken from Ref. [7].

Gravity is the only fundamental interaction not described by the SM. Theorists have struggled
to quantise gravity through a spin-2 mediator as it results in a non-renormalisable theory and
thus, a combined solution into the SM has yet to be achieved [8]. The interaction strength of
gravity is much smaller compared to the three SM interactions at the EW scale and so, it has no
measurable effect on the subatomic scale and thus, is commonly excluded from HEP predictions
[22]. However, the strength of gravitational interaction is expected to be similar to that of other

interactions at the Plank scale [22].

2.2.2 Aesthestic Shortcomings

Fermion mass hierarchy - The masses of all SM fermions, or experimentally known bounds

for those that have not been directly measured, can be seen in Figure 2.5.
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Figure 2.5: The SM fermion masses as a function of their generation. Taken from Ref. [23].
The SM fermions span approximately six orders of magnitude with no clear indication as to why.

The masses of fermions of the same generation are approximately of the same order - excluding

the top quark, which is nearly two orders of magnitude higher than the next heaviest fermion; the
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b-quark. Also, there are no particles between the energy range of the SM charged fermion sector
and the less-understood neutrino sector (10—105 eV). This indicates a well-established hierarchy

between the two scales and may be a hint to neutrinos obtaining mass via other mechanisms.

Unification of coupling constants - The SM coupling constants have different interaction
strengths at the weak scale, but extrapolating them to higher energies shows near unification
shortly before the Planck scale. This may be interpreted as an indicator of the underlying grand
unification of the fundemental interactions, given the simplicity of the SM. However, considering
only the SM particles, this unification does not occur, as can be seen by the dashed lines in

Figure 2.6.
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Figure 2.6: The interaction strength of the gauge couplings in the Minimal supersymmetric
Standard Model (MSSM, coloured) and the Standard Model (SM, dashed) as a function of the
energy scale . It is extrapolated from the weak scale to the Planck scale assuming the SM
particle content and SM-plus-MSSM, where the MSSM particles enter above the weak scale but
below the few-TeV scale, particle content, respectively. Taken from Ref. [24].

Hierarchy problem - As discussed in Section 2.1.3, the SM seems to be a correct effective field
theory (EFT) for A = 0.126 and z* = —(88.4 GeV)? [24]. Charged fermions and the electroweak
gauge bosons of the SM all obtain masses from (H), so that the entire mass spectrum of the
Standard Model is directly or indirectly sensitive the scale at which the SM is no longer appliable,
termed the ultraviolet cut-off (Ayy). The ultraviolet cut-off can also be interpreted as the energy
scale at which new physics enters to alter high-energy behaviour, but should be considered as

real because of the significance of the gravitational interaction strength at this scale [24].

The problem is that ,uz, or will henceforth be known as m?g, receives quantum corrections from
the virtual effects of every particle that couples directly or indirectly to the Higgs field. If the
Higgs field couples to a fermion f (with mass m) with coupling strength Ay, the field receives a

quantum correction from the fermion [24] calculated by

AQ
Am3 = |87rf2|A%V +OnAyy) +.... (2.8)
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The correction of Equation 2.8 is depicted in the LHS of Figure 2.7.

T T H ‘\ I'
(a) (b)

Figure 2.7: Correction to the Higgs field via a (a) fermion (b) scalar particle. Taken from
Ref. [24].

Each correction is proportional to the Yukawa coupling of the fermion and additionally for
quarks, the corrections are multiplied by three because of the number of colours, therefore the
largest contribution comes from the top quark; A\, ~ 0.94. If Ayy is O(Mp), the problem occurs
that the quantum correction to m%q is ~ 30 orders of magnitude larger than the obserbed value.
Therefore, the stability of the Higgs field from radiative corrections is highly sensitive to the
energy scale and hence why it has been deemed to be the hierarchy problem. Consequently, the
SM is referred to as unnatural and hence, fine-tuned [25, 26] because the SM ought be in-sensitive
to the scaling of the ultraviolet cut-off (natural). The hierarchy problem is therefore not an issue
of the SM itself but instead a sensitivity of the Higgs potential to new physics in almost any
extension to the SM [24].

One could consider this as suggesting new physics existing in the 16 orders of magnitude difference
between the presently explored electroweak scale, My ~ 100 GeV, and the Planck scale. If the
Higgs boson is a fundamental particle, and there really is physics far above the electroweak scale,
a possible solution is a cancellation between the various contributions to Am%[ via a symmetry.
Consider a heavy complex scalar particle .S, with mass mg, that couples to the Higgs field, then

the correction is calculated by [24];

A
1|6§r‘2 [Aly — 2m§In(Ayy /ms) + .. . (2.9)

2
AmH:

This correction is schematically depicted on the right-hand side (RHS) of Figure 2.7 [24].
Comparing Equations 2.8 and 2.9 suggests that the new symmetry ought to relate fermions and
bosons, which is known as supersymmetry (SUSY) [24]. If each of the fermions of the SM is related
to two complex scalars with A\g = \)\?c|, the existence of SUSY cancels the quadratic divergence
and the remaining logarithmic terms can be cancelled in the renormalization proceedure. SUSY
is therefore a natural framework for elementary scalar fields. SUSY will be discussed in greater
detail in the next chapter due to being the BSM theory that is searched for in this thesis.
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2.3 Conclusion

In this chapter, the gauge symmetries of the Standard Model of particle physics are discussed,
which ultimately determines the predictions for the interactions between each fundamental
particle. Although the SM has been successful at predicting the experimental observed matter
of the Universe, many challenges and issues remain for a complete understanding of particle
physics. This chapter concluded with a description of those challenges, in particular the hierarchy
problem, that is, the extreme sensitivity of the Higgs mass to radiative corrections at large energy
scales. A natural solution to this could be supersymmetry, which cancels the large corrections by

the addition of supersymmetric particles.
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Chapter 3
Supersymmetry

The previous chapter concluded with a discussion on the incomplete nature of the Standard Model
(SM) of particle physics. A potential solution to the large logarithmic corrections to the Higgs
mass at large energy scales is a symmetry relating fermions and bosons known as supersymmetry
(SUSY). In this chapter, the mathematical algebra of the symmetry and the phenomenological
consequences of the R-parity conserving (RPC) minimal supersymmetric Standard Model will
be discussed. The chapter concludes with a discussion of the dark matter candidate predicted
by RPC SUSY, and how it could be observed in direct detection searches at the Large Hadron
Collider (LHC).

3.1 Transformation and Supermultiplets

SUSY is a space-time symmetry that transforms a bosonic state into a fermionic state, and vice

versa. The symmetry can be described by the operator (), such that;

@ |Boson) = |Fermion) and @ |Fermion) = |Boson) . (3.1)

The fermion and boson states of the same particle fall into irreducible representations of SUSY
algebra, called supermultiplets [24]. Within a specified supermultiplet, the supersymmetric
partner of the recognised SM particle is known as the superpartner. The commutation relations
of symmetry cause the particles in a supermultiplet to have equal mass. Additionally, the SUSY
generators commute with the generators of gauge transformations, therefore the particles in the
same supermultiplet must also have the same electric charge, weak isospin and colour degrees of
freedom [24].

The simplest possibility for a supermultiplet consistent with an equal number of bosonic and
fermionic degrees of freedom is a two-component Weyl fermion (/) and complex scalar field (¢),
called a chiral supermultiplet [24]. The next simplest possibility for a supermultiplet contains a

spin-1 vector boson and therefore its superpartner is a massless spin-1/2 Weyl fermion, known as
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a gauge supermultiplet [24].

3.2 Minimal Supersymmetric Standard Model

In the minimal phenomenologically-viable extension of the SM, named the minimal supersym-
metric Standard Model (MSSM), each known fundamental particle is in either a chiral or gauge
supermultiplet [24]. Because all SM fermions are in chiral supermultiplets, their superpartners
are spin-0. The names for these superpartners are the fermion names prefixed by an “s” for
“scalar” and therefore are generically referred to as sleptons or squarks and symbolically assigned
a tilde ~. The LH and RH quarks and leptons are in separate two-component Weyl fermions so
each has its own complex scalar partner. A summary of the predicted particles corresponding to
the chiral supermultiplets in the MSSM can be seen in Table 3.1.

Description Spin—% Spin-0
U c t ~ U c t
Left-handed Quarks Qi_<d>’<s>’<b> QZ_(&)’(E)’(?))
U; = u,C,t U; = 0,61
Right-handed ki ¢ T R
ig anded Quarks d = d,sb _d5h
Left-handed Leptons  L; = ( Ve , < Yn ) , ( Vr > L= ( ° > , < i ) , ( T >
e I T é il T
Right-handed Leptons e =e, U, T € =€, T
Up-type Higgs H, = (H; H,) H, = (H, H,)
Down-type Higgs Hy = (Hq Hy) Hy = (Hq Hy)

Table 3.1: List of chiral fermions from the minimal supersymmetric Standard Model. Taken from

Ref. [24, 27).

The scalar Higgs boson is spin-0, and so it is in a chiral supermultiplet [24]. However, one
supermultiplet is not sufficient. Two supermultiplets are required to avoid the EW gauge
symmetry suffering a gauge anomaly and they are named H, and H, for weak hypercharge
Y =1 and Y = —1 respectively [24]. The third components of the weak isospin for H, (H,) are
Ty = 1/2 (—1/2) and has electric charges 1,0 (0, —1) and are denoted (H,” H") ((H3 Hy)) [24].
A neutral scalar, that most probably corresponds to the SM Higgs boson, is a linear combination
of HS and Hg [24]. The names for these superpartners are the boson names suffixed by an “ino”

therefore, the fermionic partners of Higgs scalars are called Higgsinos, also denoted by a tilde ~.

As presented in Section 2.1.3, the unbroken EW gauge symmetry SU(2); x U(1)y is associated
with the spin-1 gauge bosons Wi, W and B’. In the MSSM, the Spin—% superpartners of the EW
gauge bosons (Wi, WY and BO), are called winos and the bino, respectively, or more generally
referred to as gauginos. The spin—% partner of the SU(3),. symmetry is called the gluino. A

summary of the gauge supermultiplets can be seen in Table 3.2.
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Spin—% Spin-1
g g
(gluino) (gluon)
whowrw? owhw?w?
(wino) (W-boson)
B’ B’
(bino) (B-boson)

Table 3.2: Gauge supermultiplets of the Minimal supersymmetric Standard Model. Taken from
Ref. [24, 27].

3.3 Soft Supersymmetry Breaking

If supersymmetry were an exact symmetry of nature, then SM particles and their superpartners
would be mass degenerate and since these superpartners have not yet been observed, a realistic
phenomenological supersymmetry model must be spontaneously broken. If the SUSY breaking
is softl, that is, only broken at low energy scales, the stability of the gauge hierarchy can be
maintained. The most general soft SUSY-breaking Lagrangian, compatible with gauge invariance
and R-parity conservation® in the MSSM, introduces 105 soft new parameters that have no
counterparts in the SM [24]. The total number of independent physical parameters that define
the MSSM is largely because of these additional parameters.

After EW and SUSY symmetry breaking, there can be mixing between higgsinos and electroweak
gauginos [24]. Neutral higgsinos combine with neutral gauginos to form neutralinos ()Z? for
i = 1,2,3,4) and charged higgsinos combine with charged winos to form charginos ()ZfE for
i = 1,2), where the higher the index indicates a higher mass with respect to the previous
neutralino or chargino. Mixing can also occur for various sets of squarks and sleptons and in
principle, any scalars with the same electric charge, R-parity, and colour quantum numbers can
mix with eachother [24]. Mixing is very small for most sfermions except for the third generation,
which has large Yukawa and soft couplings [24]. The MSSM predicts that the #; /b; will be the
lightest squarks because of these mixing effects [24]. The only exception to this mixing is the
gluino, which does not have the permissible quantum numbers to mix with any other particle

[24]. The corresponding gauge and mass eigenstates for the MSSM can be seen in Table 3.3.

3.4 R-Parity and the Neutralino

An additional experimental constraint that is desirable to include in the MSSM originates from
proton decay not been observed. Because the baryon (B) and lepton (L) quantum numbers are
not conserved in the superpotential (Equation A.2 of Appendix A.1) of the SUSY lagrangian

[24], the lifetime of the proton would be extremely short (10_25) and therefore, not consistent

'In general particle physics, soft is considered the opposite of hard, where the term hard originates from “hard
scattering” and therefore, is associated to high-energy processes.
*Defined in Section 3.4.
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Particles Spin  Pr Gauge eigenstates Mass eigenstates

Higgs Bosons 0 +1 E[S ﬁg H ﬁ; R H® A g™

Gy, g dy dp (same)
Squarks 0o -1 51, S ¢ ¢p (same)
tp i by by £y Ty by by
ér, €p U, (same)
Sleptons 0o -1 ir fig 7, (same)
T, TR Vs T To Uy
Neutralinos % -1 B w° HS E[g )2(1) 5(8 )Zg )22
Charginos % -1 Wt ﬁ;’ I:Id_ )Zli )Zgi
Gluinos i -1 g (same)
Gravitino -1 G (same)

Table 3.3: Gauge and mass eigenstates of the particles introduced from the MSSM, along with
their spin and R-parity values. Taken from Ref. [24].

with the lower limit provided by the Super-Kamiokande Collaboration®. By the addition of a
new symmetry, termed R-parity, these violating terms can be eliminated and when the MSSM is
defined to conserve this quantity, it is referred to as R-parity conserving (RPC) SUSY. R-parity
is calculated by;

Py = (—1)3B-D+2s, (3.2)

The R-parity values for the MSSM particles can be seen in Table 3.3. R-parity could be an exact
and fundamental symmetry, whereas baryon and lepton numbers cannot because they are known

to be violated by non-perturbative electroweak effects [29].

Because all SM particles have even R-parity (Pr = +1) and SUSY particles have odd R-parity
(Pr = —1), there are a number of important phenomenological consequences that arise. In
collider experiments, sparticles can only be produced in even numbers, i.e, typically pair-produced.
Next, the lightest sparticle is called the lightest supersymmetric particle (LSP) and must be a
stable particle. With the LSP being the only stable SUSY particle, every other sparticle must
eventually decay into a state that contains an odd number of LSPs. Because RPC SUSY cascade
decays result in final states with the lightest neutralino, it is often assumed to be the LSP. If the
LSP is electrically neutral, like the lightest neutralino, and therefore only interacts weakly with
baryonic matter, it provides a strong basis as a candidate for being a cold dark matter (CDM)

particle.

*Lower limits on the proton lifetime are set at 7/B(p — ¢ n°) > 1.6 x 10** years and 7/B(p — p7°) >
7.7 x 10* years at 90% confidence level [28].
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3.5 Grand Unified Theory

In Chapter 2, it was stated that the three SM couplings, assuming the SM particle content,
fails to unify at energies near the Planck scale. If the gauge couplings were to unify, it would
be an indication that the SM gauge couplings originate from a single coupling. Additionally
unification automatically defines an ultraviolet scale and may additionally provide a framework
for gauge-gravity unification [30]. Grand-unified theories (GUT) extend coupling unification to
include all matter and gauge fields in the mathematical representation of the GUT group [30].

In the context of SUSY, by including the MSSM particle content between weak scale and a TeV
scale, the SM couplings unify at a scale My ~ 3 x 10'% GeV with value gy = 0.7 or oy = 0.04
defining the unification scale [30]. This scenario is depicted in the coloured lines of Figure 2.6.
The RPC MSSM is a framework of grand-unification because of the additional predictions of the
unification of the SM Yukawa couplings at the GUT scale, the existence of DM and the retention

of a long proton lifetime and EWSB at a scale far below the unification scale [31].

3.6 Phenomenological MSSM

With the MSSM possessing 124 independent real degrees of freedom, it is not a phenomenologically
viable theory over much of its parameter space because of the absence of conservation of the
lepton flavours, unsuppressed flavour-changing neutral currents (FCNCs) and new sources of CP
violation that are inconsistent with the experimental bounds [7]. To address these issues, several

constraints are included which result in the phenomenological MSSM (pMSSM).

To suppress FCNC processes, all off-diagonal elements in the sfmerion masses and trilinear
couplings are set to zero and the first and second generation soft terms are set to be equal
[32]. Experimental limits from electron and neutron dipole moments and results from K-meson
system experiments constrain the possible sources of CP violation [32]. Additionally, the trilinear
coupling for the electron and muon is set to be equal to be consistent with the experimental
observation of the anomalous magnetic moment of the muon [32, 33]. The trilinear couplings
for the first and second generation of quarks are set to zero due to being proportional to the
SM Yukawa coupling, which are considered to be negligible [32]. The remaining quantities that
define the parameters of the pMSSM are presented in Table 3.4.

The pMSSM can be constrained even further to 10 parameters by assuming one common squark
mass parameter for the first two generations, a second common squark mass parameter for the
third generation, a common (charged) slepton mass parameter and a common A-parameter for

the third generation [7]. This thesis uses simplified models derived in pMSSM-19 phase-space.
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Parameter Description
M, My, Ms Gaugino mass parameters
tan 3 Ratio of VEVs of the two Higgs doublets
my Pseudoscalar Higgs boson mass parameter
W Higgsino mass parameter
A Ay AL Third generation trilinear coupling
Mgr, MyR> Mar, ML, Mer  First and second generation sfermion masses
Mg3L, MyR, MpRs M5 Mz, Third generation sfermion masses

Table 3.4: A list of the 19 parameters of the pMSSM. Taken from Ref [8].

3.7 A Natural SUSY Particle Spectrum

In the decoupling limit (i.e the pseudo-scalar mass m 4 > my), the mean of the stop soft masses

mg3 and m,,3 determines the dominant one-loop correction to the Higgs mass, calculated by

qu = M% cos” 26 + 6152

4 2 2 2
3 2 X X (3.3)
NM%COSQ2ﬁ+ ”;t2[1nm;+t2<1_ t2>],

where X; = A, — pcot 5 and is termed the stop mixing parameter and 3 is the ratio of vacuum
expectation values presented in Table 3.4 [34]. As X, evolves, so does the stop mass and therefore,
the correction to the Higgs mass depends upon these soft terms. For SUSY to be a solution
to the hierarchy problem, which is one of the key motivating factors for weak-scale SUSY, the
scale of the soft terms cannot be too large and this is called the naturalness constraint. A mass
scale that solves the hierarchy problem is referred to as a natural SUSY. It is found that at large
stop mixing (A, = v/6m(t;)m(ty)), stop masses are achieved in the sub-TeV range, subject to
the observed Higgs mass constraint [35]. The third-generation LH squark and RH stop masses
suffer from their own naturalness problem, originating from one-loop mass corrections in QCD
that restricts the gluino mass [36]. The upper limit, would be O(< 3 TeV) [36]. This scenario is
depicted in Figure 3.1.

3.8 Supersymmetry at Hadron Colliders

This section will present a broader contextualisation to how supersymmetry is probed in direct

detection searches at hadron colliders, such as those presented in Chapters 8-9.
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Figure 3.1: The mass spectrum of the MSSM with the naturalness constraint imposed. Taken
from Ref. [37].

3.8.1 Simplified Models

As discussed in Section 3.2, the MSSM still has a large number of free parameters which
experimentally cannot be searched for. One method to perform an experimental search for a
BSM theory, such as the MSSM, is to use simplified models. Simplified models can be considered
limits of general BSM scenarios where all particles except those involved in a specific process can
be discarded [38]. The physical justification is that the removed SUSY particles are assumed
to be too heavy to produce because of, for example, the naturalness constraint. The simplified
model masses and cross section (minimally) parameterise the BSM process. Therefore, it should
not be considered a model that encompasses the entire theoretical parameter space but instead
a natural starting point for quantifying if the presence of a signal with a similar final state is
observed in the search. However, experimental limits set on the observation of such a signal, are
only relevant to the simplified model-space and do not represent the inclusive parameter-space of
the theory.

3.8.2 Multiple b-jets+E3™* From Gluino Decays

At the hadron-hadron colliders, such as the LHC (Section 5.1.1), the production of gluinos
and squarks proceeds through the dominant gluon-gluon and gluon-quark fusion processes [24].

Consequently, Feynman diagrams presenting the production mechanisms of pair-produced gluinos
(and squarks) for RPC SUSY are shown in Figure 3.2.

The pair production of gluinos usually involves both the s-channel and ¢-channel parton-parton
interactions can be seen in Figure 3.2. The calculation of the cross section of gluinos pair-produced
at next-to-next-to-leading order and next-to-next-to-leading logarithmic (NNLO+NNLL) accuracy
for /s = 13 TeV can be seen in Figure 3.3, along with squark and stop/sbottom pair production.
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Figure 3.2: Feynman diagrams for the dominant production mechanisms for pair-produced
gluinos at hadron-hadron colliders. Taken from Ref. [24].

pp, VS =13 TeV, NNLOapprox+NNLL

104
— 6§ — ai

— 8 — &, bb
102

=
o
=)

-
S)
b

cross section [pb]

1074

107

250 500 750 1000 1250 1500 1750 2000
particle mass [GeV]

Figure 3.3: Next-to-next-to-leading order and next-to-next-to-leading logarithmic gluino, squark

and stop/sbottom pair production cross section [pb] as a function of the mass at /s = 13 TeV.
Taken from Ref. [7].
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The decay of the gluino can only proceed through a squark, either on-shell or virtual [24]. Of
course, if all squarks are heavier than the gluino, the gluino can only decay off-shell to a squark.
Because of the relevant gluino-quark-squark coupling, if the two-body § — ¢q is an available
channel, this process will dominate [24]. Because the top and bottom squarks are predicted to be
much lighter than the other squarks, it is expected that the g pair is either a #t or bb. Feynman

diagrams for the dominant Gluino decay processes can be seen in Figure 3.4.

q q q f I
§ /EIJR / Nl Nz /f / Nl

Figure 3.4: Feynman diagrams of R-parity conserving supersymmetry gluino decays. For decays
to § — tt or § — bb, the top left will dominate. However, if a three-body decay occurs via the
lightest chargino, the bottom left also yields a significant contribution. Taken from Ref. [24].

In the direct production of RPC SUSY, the undetected LSPs result in missing energy of at
least twice the LSP mass, but only the momentum component transverse (Section 5.2.4) to the
colliding beam is physically observable® [24]. Therefore, a typical direct search for RPC SUSY
follows a channel of m leptons plus n jets and missing transverse energy5 where m,n > 0. The
SM background processes that can replicate a BSM detector signature are generally referred to as
background(-processes) i.e not the signal searched for, but contribute events to the experimental
observables. Specific background processes relevant to the analysis chapters (7-9) will be described
explicitly in the relevant chapter, but in general, the only real contributor to replicate this channel
is from W- and Z-bosons in association with jets and the decays of pair-produced top quarks,

that can produce neutrinos and therefore real missing energy.

3.8.3 Pure Higgsino Dark Matter

Assuming SUSY does exist, in the early Universe, sparticles would have existed in thermal
equilibrium with SM particles [24]. As the Universe expanded and cooled, the heavier sparticles
would no longer be kinematically produced and so they would have annihilated or decayed into
LSPs as a consequence of R-parity conservation [24]. As the Universe continued to expand, the
annihilation rate became small compared to the cosmological expansion and the LSP experienced
freeze-out, where the density of this object in the Universe today is equal to the density at the
time of freeze-out. As mentioned in Section 2.2.1, the observed cold dark matter density (CDM)

*Information is lost with final-state particles travelling down the beampipe.
"More specific detail about the explicit defintions of these objects can be found in Sections 5.2.5-5.1.6, 5.2.2
and 5.2.4, respectively.
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of the Universe is currently estimated to be Q¢ = 0.12h™2 = 0.265 [19-21]. In general, the LSP
has roughly the correct electroweak interaction strength and mass to produce this, however, this
cosmological constraint can be used to further restrict the mass range of a specified LSP DM

candidate.

Depending on the mixing between the higgsinos and electroweak gauginos, the LSP can be a
mixture of bino, wino and higgsino. When |M;| and m are small compared to |My| and |u|, the
lightest neutralino would be pure bino [7]. When |M,| and m are small compared to |M;| and |ul,
the lightest chargino pair and neutralino would be a triplet of roughly mass-degenerate pure winos
(W and W3 ) [7). If || and m are small compared to |M;| and |Ms|, the lightest chargino pair
and neutralino would be nearly pure higgsino states and still be consistent with the CDM density
constraint [7]. A bino LSP predicts the observed DM relic density if m;}R /mic(f ~ (200GeV)?,
where [y is the SU(2) singlet for sleptons [39]. The sparticle masses from this constraint are
consistent with naturalness arguments [39]. A MSSM model with a pure higgsino or wino LSP
typically results in a LSP that is too efficient to match the observed CDM density unless the
LSP is very heavy (> 1 TeV) [7]. However, a very heavy LSP mass is considered contrary to
the principle that SUSY is the solution to the hierarchy problem albeit still permissible by

experimental lower limits on sparticle masses [24].

Assuming a particular SUSY parameter-space, one can test the free parameters of the Lagrangian
and observe whether a particular set is consistent with the CDM density constraint and discover
the resulting LSP mass and composition by using a combination of the SUSY-HIT [40] and
MICROMEGAS [41] software. Using a MSSM configuration, with parameters motivated by
naturalness constraints and the simplified model of Section 3.8.2, provides an almost purely
higgsino L.SP with m(){?) = 1.09 TeV and a relic density of chf2 = 0.119, therefore for this LSP
mass and composition, it is consistent within the CDM density constraint. Another appealing
feature of a significant higgsino (or wino) LSP mixture is that if |u| is not too large, the correct
relic abundance can be achieved even for very heavy squarks and sleptons [42], which addresses
the current limits on excluded simplified models for squarks lighter than 1 TeV (see Section 3.8.4)
[24].

3.8.4 Limits on Simplified SUSY Model-space

Many direct searches for SUSY have been performed at the LHC using the two general-purpose
experiments; ATLAS and CMS. No statistically significant excesses were observed at any search,
so this section will present the currently excluded simplified model phase-space at a 95%
confidence limit (CL). The exclusion contour from previous ATLAS supersymmetry searches as
a function of the model parameters of various pair-produced gluino simplified models can be
seen in Figure 3.5(a). Additionally from ATLAS, the 95% CL on pair-produced squarks, stops
and sbottoms can also be seen in Figures 3.5(b), 3.5(c) and 3.5(d) respectively. Limits obtained
from the equivalent direct searches at CMS for the final states; g — tff((l) and § — bi)f(? can be
seen in Figures 3.6(a)-3.6(b). Additional results obtained for the § — ¢g%, simplified models

and squark pair production can be seen in Figures 3.6(c) and 3.6(d) respectively.
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Figure 3.5: The greatest 95% confidence limits as a function of simplified model parameters from
various ATLAS SUSY searches (ArXiv reference for each paper is labelled) for (a) gluino, (b)
squark, (c) stop and (d) sbottom pair production. Taken from Ref. [43].
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Figure 3.6: The current 95% CL exclusion limits as a function of simplified model parameters
from various CMS SUSY searches (ArXiv reference for each paper is labelled) for (a) g — Ry,
(b) g — bbf((l), (¢) g— chf([l) and (d) squark pair production. Taken from Ref. [44].
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ATLAS excluded the g — tf)zcl) simplified model up to a gluino mass of ~ 2.27 TeV for a 800 GeV
LSP. As the gluino mass is lowered to ~ 2.1 TeV, the corresponding LSP mass is excluded up
to ~ 1.2 TeV. CMS excluded the same simplified model up to a gluino mass of ~ 2.25 TeV for
a 800 GeV LSP. As the gluino mass is lowered to ~ 1.85 TeV, the corresponding LSP mass is
excluded up to ~ 1.3 TeV. However, the ATLAS search used data corresponding to an integrated
luminosity of 7 9fb~ ! whereas the CMS search used the LHC Run 2 dataset corresponding to
~139fb'. A similar pattern is observed with the gluino decaying to a bottom-anti-bottom pair
final state. ATLAS excluded the simplified model, g — bE)Z(l), up to a gluino mass of ~ 2.2 TeV
for a 600 GeV LSP. As the gluino mass is lowered to ~ 1.8 TeV, the corresponding LSP mass is
excluded up to ~ 1.25 TeV. CMS excluded the same simplified model up to a gluino mass of
~ 2.3 TeV for a 800 GeV LSP. As the gluino mass is lowered to ~ 2.0 TeV, the corresponding
LSP mass is excluded up to ~ 1.55 TeV.

Limits from ATLAS for SUSY searches that are sensitive to or specifically search for a pure-

Higgsino LSP that have not already been presented can be found in Figure 3.7.

It can be observed that only gluino pair production is sensitive to a LSP mass beyond > 1.0 TeV.
Therefore, one could argue the current best approach to be sensitive to a pure higgsino LSP,
motivated by the dark matter relic density constraint, favours gluino production. A summary of
the 95% model limits across a wider range of SUSY production mechanisms and final states for
ATLAS at /s = 13 TeV with the Run 2 dataset can be seen in Figure 3.8. An equivalent plot
for CMS can be seen in Figure 3.9, however, this has not been updated since 2014 and thus is
highly probable to be outdated.
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Figure 3.7: The greatest 95% confidence limits on various simplified models that are sensitive to
or specifically search for a pure higgsino LSP from ATLAS SUSY searches (ArXiv reference for
each paper is labelled) as of June 2021. The subfigures are as follows; (a) is stop and sbottom pair
production, where the chargino is twice the mass of the neutralino (b) is stop pair production (c)
is sbottom pair production and (d) specifically targets a pure higgsino LSP. Taken from Ref. [43].
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Figure 3.8: The greatest 95% confidence limits on various simplified models from ATLAS SUSY searches (ArXiv reference for each paper is labelled)
as of June 2021. Taken from Ref. [43].
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At present, no significant evidence for weak-scale SUSY has been discovered from the data
collected at the LHC. ATLAS and CMS have excluded significant chunks of simplified-SUSY
parameter space based on gluino and squark pair production with masses well above 2 and 1
TeV, respectively. Because of the impressive nature of these limits, the principle of a natural

SUSY spectrum is being challenged.

3.9 Conclusion

Supersymmetry can provide a solution to the hierarchy problem whilst also providing a candidate
for one of the largest challenges in particle physics, that is, dark matter. DM is approximately five
times more abundant than baryonic matter, however, our understanding of the exact properties
of such particle(s) is limited. SUSY predicts additional fermionic particles for every boson and
bosonic particles for every fermion and EWSB, supersymmetry breaking and naturalness ensure
these particles would have a mass at a scale much higher than their Standard Model partner.
Within these constraints, gluinos are expected to have a mass O(< 3 TeV) and thus could be
within the reaches of the collision energy and luminosity of the Large Hadron Collider. This
chapter concludes by presenting the current statistical limits on simplified SUSY processes and
it is found that simplified gluino (squark) models have already been excluded for masses in the
< 2(1) TeV range.



Part 111

Experimental Method






38 Phenomenology of Proton-proton Interactions

Chapter 4

Phenomenology of Proton-proton

Interactions

With the theoretical and phenomenological motivations for supersymmetry (SUSY) established
in Part II, the next chapter will discuss the phenomenology of proton-proton (pp) collisions to
understand the physical processes occurring in direct searches for SUSY at the Large Hadron
Collider (LHC).

This chapter starts by discussing important collider-physics quantities that are related to the
production of pp collisions. This is followed by a discussion of the physical processes that occur
in pp collisions. This chapter concludes with a description of the Monte Carlo generators used to
simulate the physical processes occuring from Standard Model and beyond the Standard Model

events.

4.1 Proton-proton Interactions

4.1.1 Collider Quantities

A particle collider has two main quantities that characterise the proton-proton (pp) collisions and
how they interact. The first is the cross section (o), which describes the particle interaction in
the scattering process. It has the units m2, but is more commonly presented in barns (b) where
1b = 10" *®m?. It can therefore be considered an effective area or physically interpreted as the
probability of the scattering process occurring. The total cross section of a process is independent
of the intensity and focus of a particle collider beam and depends upon the scattering amplitude

or matrix element (ME, M) of the process [45], calculated by

do 1
tan = [ o= [ FiMPaQ (4.1)

where F' is the particle flux in the interaction process and d(@) is an element of the kinematic
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phase space, which can be integrated to sum all possible momentum states of the particles [45].
The second quantity that characterises pp collisions describes the beam physics of the particle

collider. This quantity is the instantaneous luminosity (L), which can be defined by

N2
L= fcnbiRa (4.2)

for n; bunches, each containing N particles, colliding with revolution frequency f., for the area
of the colliding surface > and where R is a correction factor to account for dependencies on the
bunch length and the beam crossing angle [45]. The units of this quantity are m 2s~! or more
commonly used is bflsfl, which is the unit of inverse cross section per unit time. Equation 4.3
relates the total event rate (V) to the total or integrated luminosity (£) that is, the instantaneous
luminosity integrated over the collision operation time of a (circular) particle collider and the

cross section for the process;
N:U'ﬁzd'/Ldt. (4.3)

4.1.2 QCD Coupling

In the event of assuming the QCD phase is zero, the one free parameter of QCD is the strong
coupling constant (), which evolves as a function of the energy scale (Q)). The quantity is

calculated by

2 127
o (Q7) = o (4.4)
(11N, — 2Ny) log —
AQcp

where the number of colours N, = 3, number of quark flavours Ny < 6 and Agcp is the infrared
cut-off scale [6]. The denominator is greater than the numerator, so as Q” increases (i.c tending
to smaller distances), the coupling constant decreases. The QCD coupling constant has been
measured from several deep inelastic scattering (DIS) experiments and this is presented in

Figure 4.1 as a function of the energy scale.

As can be seen in Figure 4.1, for momentum transfers in the O(100) GeV, a, ~ 0.1, whereas the
theory is strongly interacting for scales < 1 GeV. This has some important phenomenological
consequences at the two scales. For processes involving large momentum transfer, “hard processes”
(small distances), the coupling strength becomes sufficiently weak for perturbation theory
techniques to be applicable; named perturbative QCD (pQCD). In this scenario, quarks and
gluons behave as free particles in a process known as asymptotic freedom. At larger distances,
pQCD cannot be used because of colour confinement and QCD-inspired phenomenological models
must be used. Colour confinement is thought to originate from gluon-gluon self-interactions,
where coloured objects are confined to colourless states because of the interaction potential

requiring an infinite amount of energy to separate them. By inputting sufficient energy, more
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Figure 4.1: The strong coupling constant () as a function of the energy scale (@) measured
from several deep inelastic scattering experiments. Taken from Ref. [7].

quarks and gluons are produced from self-interactions and the object remains in a colourless

state, in a process known as hadronisation.

4.1.3 Parton Distribution Functions

Protons are formed from quarks and gluons (known as partons) and are typically thought to
compose of two up and one down quarks, however, quantum fluctuations also cause strange
and charm quarks as well as quark-anti-quark pairs (¢g) to be present [27]. The probability
distribution of the momentum fraction of a parton or parton distribution function (PDF), is
defined as the probability that a gluon or specific quark type takes part in the hard scattering
collision at the energy scale ) [46]. Partons cannot be observed as free particles because of the
colour confinement condition imposed in QCD, therefore PDFs cannot be predicted theoretically
with perturbative QCD. PDF's are known at scale @) are determined from the equations derived
by Dokshitzer [47], Gribov and Lipatov [48] and Altarelli and Parisi [49] (DGLAP equations) [8].
The parameterisations of PDF's are well known over a wide range of momentum fractions and
scales due from precise measurements of DIS experiments such as CTEQ [50], MSTW [51] (can
be seen in Figure 4.2 for Q = 10,10*GeV?), and NNPDF [52] collaborations.

4.2 FEvent Generation

A general-purpose Monte Carlo (GPMC) generator describes the physics of the pp collision
from very short distance scales, up to the typical scale of hadron formation and decay [7]. The
first process of interest is the colliding partons involving large momentum transfer, named

hard-scattering (HS) collision. The resulting hadrons (charged particles) radiate breamstrahlung
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Figure 4.2: Next-to-leading-order parton distribution functions at Q@ = 10 GeV? (left) and
Q = 10" GeV? (right) from the MSTW Collaboration. Taken from Ref. [51].

quarks and gluons (photons) to form showers, named parton showers (PS) and this process is
calculated using perturbation theory. As the showers evolve to larger distance scales, perturbation
theory becomes no longer applicable and the parton will stop radiating and form a stable hadron
in a process known as hadronisation [7]. Two problems arise from here; the description of
hadron formation and the transition from short to long distance scales. Both can be solved
by Monte Carlo (MC) methods to a good approximation [53]. The incoming partons may also
undergo (collinear) radiation before (after) the HS process known as initial (final) state radiation
(ISR, FSR) [7]. The final component, named the underlying event (UE), is when the remaining
partons, not involved in the large momentum transfer, collide. At these larger distances, all soft
hadronic phenomena, such as hadronisation and the formation of the underlying event rely upon
QCD-inspired models [7]. An example of a simulated event where these parts are demonstrated,

can be seen in Figure 4.3. The proceeding sections will discuss each of these in greater depth.

4.2.1 Hard Scattering

The hard scattering process can be defined as the colliding partons that involve a large momentum
transfer compared with the proton mass [46], where the term hardness refers to the momentum
component of the parton that is transverse to the beam' (pr) being large. The hard scattering
processes probes distance scales far below the radius of the proton and hence can be best
understood as collisions between the constituent partons of the proton [46]. Therefore, the
scattering occurs where « is small, meaning the partonic cross sections can be computed in

perturbation theory. The calculation of a cross section for process pp — X is calculated by

lExplicitly defined in Equation 5.1.
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Figure 4.3: Schematic presenting the key aspects of simulating a proton-proton collision involving
a Z boson and a jet in the final state. Taken from Ref. [46].

olpp — X) = Z/dl”ldfzfi,p(ﬂfl»M%)fj,p(%a M%)a’i_j%X(lilabsa M%{v#%)a (4.5)
i,

where the sum runs over all possible initial-state partons, with longitudinal momentum fractions
Ty 9, that can produce the final state X for a specific renormalisation (factorisation) scale (/fR
(1), Q) [46]. The equation relates a quantity that describes the partonic scatter (04j—x) with
the incoming flux of partons, fixed by the PDFs (f; ), at centre-of-mass energy (s), which itself
is calculated by

s:(i&-)Q—(ipi)z, (4.6)

where F and p are the total energy and momentum of the ith initial-state particle and has units
of eVZ. The calculation of hard scatter process or matrix element is performed at either leading
order (LO), next-to-leading order (NLO), next-to-next-to-leading order NNLO or NXLO for
the specific order X for X > 3.

The rate of particles produced in pp collisions depends on the centre-of-mass energy and the
probability of the particle constituents interacting, which is determined by the PDF [27]. A
schematic presenting the production cross section for each SM particle X for Runs 1 and 2 of

the ATLAS experiment can be seen in Figure 4.4.

*Use natural units i.e ¢ = 1,h =1, from here onwards.
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Figure 4.4: A schematic presenting the production cross section [pb] for each pp — X final state
for Runs 1 and 2 of the ATLAS experiment. Taken from Ref. [54].
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4.2.2 Parton Shower

Shortly after being produced, partons involved in the hard scattering process repeatedly induce
cascades of QCD and QED radiation. The QCD radiation is computable in perturbation theory
for time scales < 1/Ay,q where A},4 is a typical hadronic scale O(300 MeV) [7]. Therefore,
PS algorithms are used to compute the cross section for generic hard processes, including all

dominant (collinear) radiation kinematics of the basic process [7].

Hadronic and electromagnetic showers have different detector signatures because of their properties
in QFT. Hadronic showers originate from colour-charged particles emitting further gluons or
qq pairs leading to a directional shower of hadronic activity [46]. The electromagnetic showers
originate from scattered electric charges radiating photons that can produce lepton-antilepton
pairs [45]. The structure of the two shower shapes is highly different because of the self-interaction
properties of gluons and the generation of many soft partons leading to an extended and more

unpredictable shower shape compared to EM showers.

4.2.3 Hadronisation

The non-abelian nature of QCD leads to colour confinement at long distances, resulting in
the breakdown in perturbation theory and instead QCD-inspired phenomenological models are
required to describe the formation of colourless bound states [53]. The hadronisation process
describes the non-perturbative transition from partons to hadrons. The two commonly used
methods to describe this phenomenon are the cluster-hadronisation [55] and the Lund string [56]

models.

The Lund string model uses a linear confinement potential, V(R) = k - r, where the string
tension (k ~ 1GeV /fm) between two coloured particles increases linearly with their separation for
distances < 1fm [7]. This effectively implements a computational threshold for colour confinement
to occur. This potential can be physically interpreted as a string being stretched between the qg
pair and as the distance increases so does the potential until it becomes sufficiently large that
the non-perturbative creation of ¢¢ pairs can break the string. This is repeated for all strings

until each has a mass of the order of a typical hadron [53].

The cluster-hadronisation model is based upon the preconfinement property of QCD [55]. This
means that at each point, the PS forms colour-singlet combinations of partons, called clusters,
dependent on the PS cut-off scale or, equivalently, the hadronisation scale [53]. Once primary
clusters are formed, those with mass below 4 GeV are transformed into hadrons through a
two-body decay [55].

4.2.4 Matching With Matrix Elements

PS algorithms are based upon a combination of approximations for collinear (small-angle) and soft

radiation and are therefore typically inaccurate for hard, wide-angle emissions [7]. Improvements
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to the PS description of hard collisions usually occur in the form of matrix element and parton
shower matching (ME+PS) or the matching of NLO calculations and parton showers (NLO+PS)
[7].

The ME+PS starts by generating a tree-level ME for the production process plus a certain
number of other partons [7]. Truncated showers are then required to maintain colour coherence
when interfacing to angular-ordered parton showers and « is carefully chosen for real (ME-driven)
and virtual (PS-driven) corrections [7, 57]. The generated configurations are tree-level accurate
at large angles and at small angles match the PS [7]. ME+PS matching is important because of
the dominance of QCD processes in searches for new physics at hadron colliders, where the jets3
are required to be well-separated (large-angle) and have large pp, which is where PS algorithms

are known to be unreliable [7].

NLO+PS promotes the increased generation accuracy of the HS process from LO to NLO, thereby
including an extra parton with tree-level accuracy and NLO virtual corrections [7]. Generators
that use this method are the MC@QNLO [58] programme, the aMC@QNLO [59] development and
the POWHEG-B0X[60] framework. SHERPA also implements a variant of the MC@QNLO method
[7].

For processes that require an accurate description of more than one hard, large-angle jet associated

with the primary process, ME+PS schemes are superior to NLO+PS ones [7].

4.2.5 Underlying Event and Pile-up

At hadron colliders, multiple scattering and rescattering effects arise which lead to the remaining
key features of a pp collision; the underlying event (UE) and pile-up (PU). The UE can be
defined as any additional activity beyond the hard scatter process and its associated ISR and
FSR activity [7]. The dominant contribution to the UE is believed to originate from additional
colour exchanges between the colliding hadronic states [7]. These additional exchanges can be
modelled either as additional perturbative (mainly t-channel gluon) exchanges, called multiple

parton-parton interactions (MPIs) or non-perturbatively using cut pomerons [7].

A possible consequence of MPIs is observing several hard parton-parton interactions in the same
pp collision, called in-time pile-up (PU). The other source of PU originates from consecutive
bunch crossings colliding before the first bunch has been fully detected, named out-of-time PU.
In-time PU interactions are primarily soft, which typically result in the exchange of colour and
small quantities of momentum without producing observable jets [7]. Experimentally, PU results
in many additional vertices and hadronic activities that must be identified and reconstructed in

an environment that is harder to discriminate within.

An important aspect of simulating events is to replicate the effect of PU observed in data due to
the collider experiment. Pile-up conditions are replicated in simulated events by generating pp

collisions with (u) = 14, named minimum-bias, and superimposing them and the overlaid events

3 Jets are explicitly defined in Section 5.2.2.
“This is the mean number of interactions per brunch crossing and is discussed in more detail in Section 5.1.1.
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are varied and reweighted to match the actual bunch crossing in data, in a process known as

pile-up reweighting [45].

4.3 Monte Carlo Generators

4.3.1 Theoretical Uncertainties

The estimation of Standard Model processes is performed using MC simulation. Simulation can
also be used to assess the theoretical impact of parameters used to generate the process. All
GPMC provide automatic evaluation of perturbative shower uncertainties via vectors of alternate
event weights for renormalisation and factorisation scale (ug, up) variations [7]. Although, note
that the variations are not necessarily exhaustive [7]. Similarly, can be performed for different
PDF sets [27]. Additionally, variations on generator parameters, such as hgq,y,, which control
the amount of radiation, can also be evaluated [27]. Uncertainties related to the non-perturbative
regime must be evaluated by varying salient model parameters by hand [7]. An uncertainty to

describe the UE can be evaluated using Perugia [61] tunes with PyTHIA 6.

4.3.2 Specific Generators

Several programmes have been created to enact the event simulation process of Section 4.2 and

so a brief description of their properties and purposes is presented.

e PYTHIA [62, 63] is a general-purpose generator that uses LO (NLO) MEs for 2 — n(n < 3)
processes [64]. It is capable of simulating both hard and soft interactions, however, it
is commonly used as a PS generator and interfaced with a different ME generator. The

generator uses a pp ordered PS and the Lund string hadronisation model [64].

e SHERPA [65] is a general-purpose event generator for multi-leg MEs at LO (up to 4 extra
partons) and at NLO (up to two extra partons) [64]. The matching procedure follows
CKKW prescription and the cluster model is used for hadronisation [64].

e POWHEG-B0x[60] is a NLO ME generator using a five flavour scheme and POWHEG method

for matching [8].

e MADGRAPH5_aMC@QNLO [59] is a ME generator at LO for any lagrangian or NLO for
selected processes [8]. The generator implements MC@QNLO and is then interfaced to a PS
using MLM prescription at LO [§].

4.4 Conclusion

This chapter discusses the important phenomenological aspects of proton-proton collisions,

that being, the hard-scatter process, parton shower, hadronisation, matching and merging, the
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underlying event and pile-up. Also within this chapter is the discussion of how this is recreated

in simulated events and the designed purposes of several specific Monte Carlo generators.
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Chapter 5

The ATLAS Experiment

The dataset and simulated events used in the analysis chapters (7-9) of this thesis were collected
and generated by the A Toroidal Large ApparatuS (ATLAS) experiment. Therefore, this chapter
discusses the experimental hardware of the ATLAS experiment used to detect particles produced
in the pp collisions of the LHC. The final component of this chapter discusses the computational
objects reconstructed from the detector signals, which allow for analysers to target specific

detector signatures.

5.1 Hardware

5.1.1 LHC Facility and Luminosity

The ATLAS Experiment is one of the two general-purpose detectors situated along the Large
Hadron Collider (LHC) at the Conseil Européen pour la Recherche Nucléaire (CERN) in Geneva,
Switzerland. The LHC beam pipe is situated in the existing 26.7km tunnel, which was constructed
between 1984 and 1989 for the CERN Large Electron-Positron (LEP) collider [66]. The beam
pipe is superconducting and contains two proton accelerator rings. An overview of the present-day
CERN facility, which presents the beam structure and the experiments, can be seen in Figure
5.1.

The primary design goal of the LHC is to explore physics above the electroweak symmetry—breaking
(EWSB) scale (O(Z 100) GeV) [46]. Consequently, the Higgs boson was discovered in 2012 by
the ATLAS [3] and Compact Muon Solenoid (CMS) [4] experiments. A further objective was
to search for physics beyond the Standard Model (BSM) by probing pp collisions above the
TeV scale. The collider is designed to accelerate protons up to /s = 14 TeV, however, Run 1
(2010-2014) achieved /s = 7—8 TeV and Run 2 (2015-2018) operated at /s = 13 TeV. The

results presented in this thesis use data collected from Run 2.

The source of protons for the LHC beams begins with a hydrogen gas source in Linac2 [67].

Negative hydrogen ions are accelerated to 50 MeV using radiofrequency (RF) cavities and
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Figure 5.1: Schematic overview of the present-day CERN facility presenting the beam trajectories
and experiments. Taken from Ref. [54].

quadrupole magnets in the linear accelerator [67]. Following Linac2, the negative hydrogen ions
enter the Proton Synchrotron Booster (PSB), which is composed of four synchrotron rings, where
the ions are stripped of their two electrons, leaving only protons [68] that achieve an energy
of 2 GeV. Next, the protons enter the Proton Synchrotron (PS), which is a synchrotron with
a circumference of 628m and achieves a proton energy up to 26 GeV [69]. Following this, the
protons enter the Super Proton Synchrotron (SPS), which is a synchrotron with a circumference
of 7Tkm and achieves a proton energy up to 450 GeV and yielding a bunch length of 1.6ns [66,
70]. Finally, the protons enter the LHC beam pipes where they can reach up to 7 TeV using a
400MHz superconducting-cavity system allowing magnetic fields above 8T [66].

The ATLAS detector is situated at interaction point 1 (IP1) along the LHC. Bunches of 10"!
protons collide 40 million times a second or equivalently, there is 25ns between bunch collisions
[71]. The designed instantaneous luminosity is 10**m ™ ?s™' and thus, the number of events
produced for each physical process can be calculated from the Equations defined in Section 4.1.1.

The integrated luminosity for Run 2 can be seen in Figure 5.2(a).

The data used in this thesis originates from the “Good for Physics” luminosity, i.e that is suitable
for analysis. Ideally all data that is recorded would be used for analysis, but because of the
imperfect nature of the detector subsystems, the spontaneous and difficult nature of the LHC
collisions and technological and resource limitations of the experiment, this is not possible. The
uncertainty in the measured luminosity of the ATLAS Run 2 dataset is 1.7% [73]. It is derived,

following a methodology similar to that detailed in Ref. [73], from calibrations of the luminosity
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Figure 5.2: Plots of the integrated luminosity and the mean number of interactions per bunch
crossing for the Run 2 data recording period taken at the ATLAS detector. Taken from Ref. [72].

scale using x-y beam-separation scans performed in August 2015, May 2016, July 2017 and July
2018.

Also within Figure 5.2, is the mean number of interactions per bunch crossing ((x)) for the total
dataset and the individual data taking periods, which provides a measure of the pile-up for the
dataset. The mean number of interactions per bunch crossing for data taking periods 2015, 2016,
2017, 2018 and Run 2 is; (u) = 13.4,25.1,37.8,36.1 and 33.7 respectively.

5.1.2 ATLAS Coordinate System

Firstly, a coordinate system is required to quantify the structure of the detector geometry. A
combination of Cartesian and spherical polar coordinates are used [74], where the interaction
point defines the origin of the coordinates [71]. For the Cartesian, the positive z direction is
defined along the collider beampipe, the positive x-axis is directed towards the centre of the
LHC ring and the positive y is defined upwards (outward of the Earth as it would be) [71]. In
spherical polar coordinates, the azimuthal angle ¢ is measured around the beam axis, where
usually zero is defined in the direction of the positive x axis and the polar angle 6 is defined
from the beam axis such that it is zero in the positive z axis [71]. A diagram presenting the two

coordinates can be seen in Figure 5.3 [75].

The z-axis is defined along the beam direction so it is often useful to define quantities in the z—y
plane that is, transverse to the beam direction. Most simply would be to define the transverse

momentum (py) of an object;

uoneiqies 6T/2
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Figure 5.3: The definitions of the Cartesian and spherical polar coordinate systems used by the
ATLAS experiment [75].

Instead of the polar angle 6, typically the rapidity (y) or pseudorapitity (1) is used. For massive
objects, such as jets, the rapidity is used, whereas for massless (relativistic) particles, the
pseudorapidity is used. The definition can be achieved using the approximation p, = E cosf in

the equation for the rapidity [6];

1 E+p, _ 0
y—2ln<E_pz> and n = ln(tan2). (5.2)

It is also useful to define the angular separation between objects in 7-¢ space, labelled AR and

this is calculated by

AR? = A¢? + An?. (5.3)

This quantity is invariant under longitudinal (z-axis) boosts as is A¢ and An [6]. The angular
separation commonly used in particle isolation algorithms and physics analyses to measure the
particle activity or association surrounding a particle within a specified radius. An example of
this is the combination of calorimeter energy deposits within a specified cone radius (Rs) in jet

reconstruction algorithms (Section. 5.2.2).

5.1.3 ATLAS Detector Overview

ATLAS is one of the two general-purpose detectors along the LHC, the other being CMS. The
purpose of having two independent experiments along the same particle collider is to cross-validate
each other [76]. The ATLAS detector and the main detector subsystems can be seen in Figure 5.4.

ATLAS has a cylindrical forward-backwards symmetric design with respect to the interaction point
and an onion-like series of layers of detectors around the interaction point [27]. The inner most

detector is a tracking-based system for pattern recognition, momentum and vertex measurements
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Figure 5.4: Cut-away view of the ATLAS detector and the main detecting subsystems. Taken
from Ref. [77].

and electron identification, which is surrounded by a thin 2T superconducting solenoid magnet
[71]. The next series of layers are the electromagnetic (EMcal) and hadronic (Hcal) calorimeters
followed by the muon spectrometers (MS), each needed for measuring the energy of each respective
targeted particles. The MS are arranged within three large superconducting toroidal magnets

[71]. A summary of the respective resolution of each of these systems can be found in Table 5.1.

. . |n| coverage
Detector Component Specified Resolution Measurement Trigger
Tracking o(pr)/pr = 0.05% & 1% +2.5
EM Calorimetry o(E)/E =10%® 0.7% +3.2 +2.5
Hadronic Calorimetry
Barrel (Bulk+Endcap) o(E)/E =50% & 3% +3.2 +3.2
Forward o(E)/E = 100% @ 10% €[3.1,49  €[3.1,4.9]
Muon Spectrometer  o(pt)/pr = 10% at pp = 1 TeV +£2.7 +2.4

Table 5.1: Energy (momentum) resolutions of the main detector subsystems. Taken from Ref. [71].

5.1.4 Inner Detector

As discussed in Section 5.1.1, the LHC is designed for high-luminosity collisions. The mean
number of pp interactions for the total Run 2 period is (1) = 33.7 where O(100) particles per pp
interaction are produced with approximately 50 precise localisation measurements, termed hits,
recorded in the tracking system per charged particle. Therefore, the tracking system provides
precise information close to the interaction point for charged particles, all whilst operating in a
highly challenging environment [53].

Precise measurements of charged particles are obtained by having a series of high-granular
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detectors as close as possible to the collision vertex. The detection techniques are composed of a
combination of semiconductor and drift tube technologies. The final component of the tracking
system is the magnetic field created by the ATLAS superconducting magnet system. All ID
trackers utilise the magnetic system, and they are; Pixels and the Insertable B-Layer (IBL), the
SemiConductor Tracker (SCT) and the Transition Radiation Tracker (TRT). Each of these is

presented in Figure 5.5 along with their distance from the centre of the beam pipe.

fR= 1082 mm
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Pixels { R = 88.5 mm
R =50.5mm
R=0mm‘

Figure 5.5: Cut-away view of the ATLAS Inner Detector subsystems along with its radial distance
from the centre of the beam pipe. Taken from Ref. [78].

Semiconductor tracking detectors use pixel technologies or silicon microstrip detectors. The
ionisation of the detection medium (typically silicon) caused by a traversing charged particle
produces an ionisation charge, which can be collected in the presence of an electric field. In the
presence of a magnetic field, the ionisation charge is further deflected by the Lorentz angle 6; .
IBL, Pixels and SCT use these technologies. The design of semiconductor tracking detectors
follows a pattern of cylinders and discs, resulting in an overlap of modules in ¢ to guarantee
precision measurements over the full angular coverage [79]. The highest granularity is in the
innermost pixel layers and is designed to be as close to the beam pipe as possible. The primary
purpose of this sub-detector is to determine the impact parameter (IP, see Section 5.2.2) resolution
and identify short-lived particles such as B-hadrons and 7 leptons [79]. The silicon pixel detectors
provide four position measurements per track, where the first hit usually occurs in the IBL [80].
The SCT provides eight precision measurements per track, contributing to the measurement of

the momentum, IP and vertex position as well as having good pattern recognition [79, 80].



54 The ATLAS Experiment

Drift tubes are gas-filled tubes with a central wire. Similar to semiconductors, the charged particle
causes an ionisation charge in the gas and drifts towards the central wire, which is the anode. The
measurement comes in the form of a drift time, which can be converted to a drift radius when
reconstructing a track from several drift times. This technology is used for the TRT. Having
a large number of tracking points per track (36), the TRT provides continuous track-following
and a significant contribution to each momentum measurement [79]. The capability of electron
identification was added by including xenon gas to detect transition-radiation photons created in

the radiator between the straws [79].

A combination of IBL, pixels, SCT and TRT results in highly robust pattern recognition and
high precision ¢ and z coordinates. Additionally, this layout provides full tracking coverage for
n < 2.5.

5.1.5 Calorimetry

Calorimeters are designed to stop and fully contain a target set of particles i.e, hadronic or
electromagnetic showers. The absorption of the energy deposition by a shower enables one to
measure the energy of that shower and its spatial location within the calorimeter [81]. This can
be extended by linking the energy deposits in the calorimeter to hits in the tracking detector
for showers originating from charged particles and can therefore identify the trajectory of the

original particle.

When a particle interacts with a calorimeter medium, its entire kinetic energy is used to excite
the atoms or molecules of the medium. These atoms emit this excitation energy in the form
of visible light when returning to the ground state and this scintillation light is the basis of a
calorimeter signal. In the instance of a charged particle, ionisation of the calorimeter medium

also contributes to the calorimeter signal.

ATLAS uses the EMcal and Hcal calorimeters to detect and reconstruct electromagnetic and
hadronic showers, respectively. They are also essential in the calculation of the missing transverse
energy (discussed in Section 5.2.4). Figure 5.6 presents a visual overview of the ATLAS calorimetry

system.

The EM calorimeter is a series of sampling calorimeters with an accordion geometry and is
divided into a barrel section (|n| < 1.475) and two end-caps (1.375 < |n| < 3.2). The accordion
geometry provides complete ¢ symmetry without azimuthal cracks in the detector [79]. The
calorimeter medium is chosen to be lead and liquid-argon (LAr) because of the requirement to
withstand high radiation from being relatively close to the interaction vertex and the end-cap
occupying a high pseudorapidity range. The lead thickness in the absorber plates was optimised

to maximise the energy resolution as a function of 7 [79].

The hadronic calorimeters cover a wide range in pseudorapidity (|n| < 4.9), where different
calorimetry techniques are utilised based on the physics requirements [79]. The hadronic barrel
calorimeter is a cylinder divided into three sections: the central barrel and two identical extended

barrels, which are all tile sampling calorimeters [79]. Tile calorimeter technology is based on a
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Figure 5.6: Cut-away view of the ATLAS calorimetry system with relevant pseudorapidity
directions overlayed. Taken from Ref. [82].

sampling technique with plastic scintillator plates (tiles) embedded in an iron absorber. The barrel
cylinder covers the region |n| < 1.0 and the extended barrel covers the region 0.8 < |n| < 1.7. The
hadronic end-cap calorimeter (HEC) and the high-density forward calorimeter (FCAL) occupy
the remainder of the n range, which extend to |n| < 3.2 and 3.1 < |n| < 4.9 respectively. Both
calorimeters are LAr sampling calorimeters because of the higher radiation resistance required in
this pseudorapidity range [79]. The thickness of the Hcal is 11 interaction lengths (A) at n = 0,
which has been observed to sufficiently contain hadronic showers and reduce the punch-through
of hadronic showers into the muon system well below the irreducible level of prompt or decay

muons [79].

5.1.6 Muon Spectrometer

The remaining particles exiting the inner detector and subsequent calorimeters, will largely com-
promise of muons and thus, surrounding these systems is a combination of large superconducting
air-core toroidal magnets and muon detectors. The magnetic field is between 2—6T across most
of the muon detector. The magnets deflect the muon tracks to separate trigger and high-precision

tracking chambers, both can be seen in Figure 5.7 [71].

Designed to measure the deflection in the r—z plane of muons exiting the barrel and end-cap
calorimeters, the muon spectrometers cover the pseudorapidity range || < 2.7 and trigger over
the range |n| < 2.4 [71, 80]. At the extremities of the particle momenta, the muon system
is capable of measuring muon momenta down (up) to a few GeV (~ 3 TeV) with adequate

momentum resolution and excellent charge identification [71].

The muon chambers use four separate detecting media where they are arranged such that

particles from the IP traverse at least three and are positioned for essentially full coverage in the
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Figure 5.7: Schematics presenting cut-away views of the individual muon detecting subsystems.
Taken from Ref [71].

pseudorapidity range [71]. The first is Monitored Drift Tubes (MDTs) that provide precision
measurements of the track coordinates over most of the n-range and have a resolution of 30um
[71]. Each MDT chamber provides between six and eight 7 measurements along a muon track [80].
At larger pseudorapidities (2 < |n| < 2.7) and close to the IP, Cathode Strip Chambers (CSCs)
with higher granularity are used to withstand the demanding rate and background conditions [71].
The CSCs are multiwire proportional chambers capable of precision coordinate measurements
and have good spatial resolution [71]. The CSCs provide four simultaneous measurements of n
and ¢ [80].

In terms of the muon trigger system, it is present over the pseudorapidity range |n| < 2.4 and
Resistive Plate Chambers (RPCs) are used in the barrel and Thin Gap Chambers (TGCs)
in the end-cap regions [71]. RPCs are gaseous detectors that use ionisation to produce an
electronic signal. Whereas, TGCs are similar to the multiwire proportional chambers. RPCs
and TGCs, provide tracking information complementary to precision chambers by improving the
determination of the track coordinate in the non-bending direction [80]. The spatial resolution
for the position measurements of the two trigger components are 5—10mm in the bending

(non-bending) plane (direction) [80].

5.1.7 Magnet System

An overview of the magnet system, which aids in charged particle detection and measurements,

can be seen in Figure 5.8.

There are two main components of the magnet system. Firstly, is the central solenoid (CS), which
provides the ATLAS inner detector (ID) with a nominal magnetic field of 2T [79]. Secondly, are
the two end-cap toroids (ECT) and barrel toroid (BT). The toroid magnet system is a series of
three large air-core toroids which generate the magnetic field for the muon spectrometer, with

a peak magnetic field of 3.9 and 4.1T respectively [79]. The barrel toroid provides a magnetic



5.1 Hardware 57

barrel end-cap
toroids toroids

toroids

Figure 5.8: Schematic presenting the ATLAS magnet system. Taken from Ref. [83].

field of 1.5—5.5 Tm in the pseudorapidity range 0 < |n| < 1.4. The end-cap toroids provide a
magnetic field of approximately 1—7.5 Tm for the range 1.6 < |n| < 2.7 [71].

5.1.8 Trigger and Data Acquisition

As discussed in Section 5.1.1, it would be preferable to analyse all pp event collisions to maximise
the integrated luminosity, however, in practise, this is difficult to achieve. It is therefore important
that a trigger system exists which decides which events to record during data collection dependent
on “interesting” features or whether all subsystems are operating correctly. Figure 5.9 presents
the workflow for the ATLAS trigger and data acquisition (DAQ) system.

TieCal| Muon detectors

Detector
Read-Out

FE[ .. FE

Level-1 Muon

Level-1 Calo |

Level-1 Accept

Level-1

Rol|  Fast TracKer -

| Tier-0 |
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Figure 5.9: The ATLAS trigger and data acquisition system. Taken from Ref. [84].

The trigger system is composed of three distinct levels; Level-1 (L1), Level-2 (L2), and the

event filter (EF). Each trigger level refines the decisions made at the previous stage and, where
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necessary, applies additional selection criteria [71]. The L1 trigger searches for high pp muons,
electrons, photons, jets, 7-leptons decaying into hadrons, and large missing and total transverse
energy (defined in Section 5.2.4) [71], where the selection is based on information from the
detectors depicted in Figure 5.9. The decision is required in less than 2.5us reducing the event
recording rate to ~ 75kHz [71]. A trigger menu is created, which is a combination of trigger
selections from the L1 muon and calorimeter triggers [71]. The L1 trigger also defines one or
more Regions-of-Interest (Rols) that are geographical coordinates in n-¢-space of the detector
where its selection process has identified interesting features [71]. Events passing the L1 trigger
selection are transferred to the L2 trigger. Event acceptance by the L2 trigger is determined from
the seeding of Rol information, such as the type of feature identified and the criteria passed from
the Rol [71]. The L2 trigger is designed to reduce the trigger rate to approximately ~ 3.5kHz
[71]. The final EF stage reduces the event rate to roughly ~ 200Hz where its selections are

implemented for specific physics analyses.

After the L1 trigger accepts an event, the data from the workflow are transferred from the
detector to the detector-specific electronic readout drivers (ROD) [71]. These digitised signals
are then formatted as a standard raw data format before being transferred to the DAQ system
[71]. The data is temporarily stored and the L2 trigger checks for the event data associated with
the Rols [71]. Those events selected by the L2 trigger are then transferred to the event-building

system and subsequently to the event filter for final selection [71].

5.1.9 Simulating ATLAS

All ATLAS SM measurements and searches use a simulated dataset to create a testable prediction
from the SM. In this section, the processes detailing how this simulated dataset is created are

introduced.

The final output from the hadronisation MC generators is the four-vectors of all stable particles in
the final state [8]. This generator-level information, or sometimes referred to as truth information,
is essential for experimental calibration because it is inaccessible in real data. The generator-level
information needs to be processed through the ATLAS simulation chain [85] to emulate the
interaction with the detector. A schematic presenting the workflow of the ATLAS simulation

chain can be seen in Figure 5.10.

The detector is fully simulated using GEANT 4 [86], which includes all the material in the detector
and surrounding environment [27, 76]. It can also model detector-related effects in a wide energy

range from O(100) eV to the TeV scale for electromagnetic and hadronic processes [45].

The complete simulation of the ATLAS detector is extremely time-consuming, requires a large
quantity of CPU time, IO and disk space [27]. Consequently, ATLAS also uses a simulation of
the detector that is less computationally intensive, called fast simulation. It uses all simulation
steps for the inner detector and muon spectrometer with a simplified approach for the calorimeter
system based on a parameterisation of its response to different particles [45]. Because of

these approximations, this method results in a loss in simulation accuracy and therefore it is
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Figure 5.10: A schematic presenting the workflow of the ATLAS simulation chain. Taken from
Ref. [85].

| (pass-through)

typically used for sub-dominant backgrounds, signal processes and the calculation of theoretical
uncertainties related to the ME and PS [27].

5.2 Event Reconstruction and Physics Objects

The goal of event reconstruction is to have a computational representation of each particle
observed in a pp collision. Each representation would contain the four-vectors of the particles
and any other information required by SM measurements or beyond the SM searches. In this

section, each object used in the analysis chapters (Chapters 7, 8, 9) is defined.

5.2.1 Tracks

A track could be defined as the representation of the trajectory of a charged particle through
a tracking detector by combining a series of measurements in each detector layer. An import-
ant component in the reconstruction of tracks is the (reconstructed) primary vertex (PV) or
equivalently, hard-scatter (HS) vertex. The PV can be physically interpreted as the interaction
point in a pp collision and experimentally it is reconstructed as the vertex with the highest sum
of p tracks associated with it! [87]. Being the vertex from which all hard objects originated,
its importance is evident for all reconstructed objects used in physics analyses. Tracks are
generally used as input to higher-level reconstruction objects, such as Particle Flow objects (see

Section 5.2.2), for use in SM measurements and BSM searches.

5.2.2 Jets

Partons scattering off one another is the most common hard process at hadron-hadron colliders

because of the high density of the gluons in the proton and the fact that the QCD coupling

! Also requires greater than one associated to it.
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is significantly larger than the electroweak couplings [46]. Successively softer gluons may be
radiated, at an angle based upon the pt of the original parton and therefore, the shape of the
shower in the calorimeter is strongly-pr dependent. The result is a collimated shower of hadrons
in the detector whose collective energy and momentum reflect those of the initially scattered
parton. The experimental object that characterises a hadronic shower is known as a jet. Jets
are an important component in the final state of many physics analyses because of their high
production cross section at the LHC [81]. A jet can be defined more explicitly as a collection of
particles contained in a well-defined region of the n—¢ space, with cone radius R around the
jet axis, where the jet axis is defined as the axis that connects the interaction vertex with the

centre of gravity of the energy deposit of the jet in the calorimeter [81].

The nominal reconstruction method for jets, used in both Runs 1 and 2 of the ATLAS physics
programme, is the sequential recombination jet algorithm named anti-k, [88]. The anti-k;
algorithm is infrared and collinear (IRC) safe and therefore, the shape of the outputted jets is
not influenced by soft radiation [88]. The algorithm effectively performs as an idealised cone
algorithm where soft particles do not modify the shape of the jet, only hard particles. This
results in the boundary of the jet being resilient with respect to soft radiation, but flexible with
respect to hard radiation. Particles that belong to the jet may be excluded when the energy of
the jet is determined and similarly for particles travelling within the acceptance of the cone may

be included incorrectly [81]. The workflow of the algorithm is as follows:

1. Identify proto-jets from a series of jet inputs (tracks, calorimeter cells or other) and order

them based on their transverse momentum p7>(3).

2. Calculate the distance (d;;) between each proto-jet i and j,

oo o ARG
dij = mm{pT2(1)apT2(ﬂ)}R70J, (5.4)

where AR?J« = Ay?j + A(]ﬁ?j and R is the cone radius. Typically, the cone radius has a
value of R = 0.4 for most ATLAS physics analyses [27, 88]. The distance (d;g) between

proto-jet ¢ and the beam B is also calculated using

dip = pr(i). (5.5)

3. Find the smallest distance (d,;,) by determining

(a) If dmin = dz
the list.

;> combine jet inputs ¢ and j and d;; is calculated for the next jet input in

(b) If d,;, = d;p, the jet input 7 is considered a jet and removed from the list.
4. The distances are recalculated and the procedure repeated until no entities are left.

An example of the algorithm in use for a parton-level event along with random soft particles can

be seen in Figure 5.11.
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p, [GeV] [ antik, R |

Figure 5.11: Example of the anti-k;, sequential recombination jet algorithm using Ro = 1.0 for a
parton-level event with ~ 104 random soft particles. Taken from Ref. [88].

Within the workflow, the inputs to the proto-jets can be tracks, referred to as track-jets, however,
this jet type is not used in this thesis. Until recently, another dominant jet type was used in
ATLAS SUSY searches (such as those of Chapter 8-9), which used measurements of energy
deposits in the calorimeters, referred to as calorimeter-jets. Finally, is the combination of both
tracking and calorimeter information, which ATLAS and CMS refer to as Particle Flow jets [89,
90]. Calorimeter-jets were used for the majority of Run 1 and 2 physics analyses in ATLAS.
In ATLAS, calorimeter-jets are specifically known as EMTopo-jets which are named after the
topological clustered calorimeter cell signals calibrated at the electromagnetic scale from which
they are built [91]. The topological clustering algorithm collects calorimeter signal cells following

a spatial signal-significance pattern calculated by

EEM

EM 11
Ceell = EN(;e : (5 : 6)
O noise,cell

The seeding, growth and boundary features of the growing-volume algorithm, are controlled by

|E§e¥[| > SJE(I)\;ISG’%H — |Cclill\f[| > S Primary seed threshold, default S = 4,

|ES| > Nomtee.cetl — [Coalt]| > N Growth control threshold, default N = 2 and (5.7)

|ESN| > Pommiee.cenl — [Coat| > P Principal cell filter P = 0,

which ensures strong cell signal retention whilst suppressing noise from insignificant signals [91].

Pile-up can result in negative signal cell contributions because of the modulus in Equation
5.7. However, cells where EEKI < 0 can be used as a tool to quantify the amount of noise in a

calorimeter and thus the number of negative seeds is an estimator for out-of-time pile-up [91].
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The clustering algorithm remains unaffected by these because the negative contributions from
the neighbouring cells will cancel the positive fluctuations originating from out-of-time pile-up
[91].

The topological clustering algorithm is used for both electromagnetic interacting particles in the
EMcal and hadronic activity in the Hcal. All ATLAS calorimeters are non-compensating, which
means that the signal obtained for hadrons is smaller than that for EM particles of a specified
energy [91]. Therefore, a local clustering weight (LCW) is applied to the cell signal to correctly
calibrate particles for the non-compensating calorimeter response, the loss in efficiency due to

clustering or topoclusters and the energy loss in inactive detector material [91].

The recommended jet reconstruction algorithm that has superseded EMTopo-jets in ATLAS,
is the Particle Flow (PFlow) reconstruction algorithm [89], which utilises both calorimeter and
tracking measurements. The designed ATLAS calorimeter energy resolution and tracking inverse

momentum resolution for a charged pion in the centre of the detector is given by

2_50%
E VE

1
a() -pr = 0.036% - pr ® 1.3%
pr

1%

®3.4% @ i and

respectively [89]. This results in a significantly better momentum resolution for the tracker
(calorimeter) for (high) low-energy charged particles. This is what the PFlow reconstruction
algorithm aims to achieve when reconstructing jets - information for a specific particle is obtained
from the optimal sub-detector depending on the energy of the particle. Demonstrating the
improved momentum resolution, Figure 5.12 compares the pr and || resolution distributions
for PFlow and calorimeter jets calibrated with local clustering weights plus a jet energy scale
correction [91], both reclustered with the anti-k; algorithm with R = 0.4.

The largest benefit to physics analyses is from the improvement in the momentum resolution at
low pt (< 100 GeV), resulting in increased sensitivity to soft particles. Additionally, there is
an increase in the resolution of the measurement of the pseudorapidity observable for the range
|n| < 1.4 when using PFlow. Similarly, improvements are observed for the angular resolution
(n, ¢) of a single particle [89]. PFlow reconstruction of hadronic jets is also observed to be
robust against pile-up compared to locally calibrated calorimeter-jets because of the association
of the track reconstruction with the HS vertex and consequently, in-time determination of a track

association to pile-up vertex is performed [89].

Jet Calibration

Whether a jet is reconstructed from hits in the tracking system, or with cells in the calorimeter, or
a combination of both, each jet object must be calibrated to match the particle (or generator) level

properties. This does not occur in practise because of the imperfect calibration of calorimeters
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Figure 5.12: Comparison between Particle Flow jets and calorimeter jets calibrated with local
clustering weights plus jet energy scale correction for simulation in the distributions of (a) pr
and (b) |n| resolution. The figures assume a pile-up condition of (u) ~ 24. Taken from Ref. [89].

(or biases in track momentum reconstruction), calorimeter gaps/cracks (or tracking inefficiencies),
detector noise or pile-up. Therefore, a series of simulation-based corrections are applied, in
addition to the usage of a series of in situ techniques to correct for differences between data and

simulation [82].

Initially, pile-up corrections are performed by removing excess energy caused by the same or
nearby bunch-crossings which are applied as a function of the event pile-up pr density and jet
area [82]. Further pile-up corrections are performed to remove the residual pile-up dependency
on (u) and the number of PVs (Npy) [82]. The next stage is the simulation-based calibration
to correct the four-momentum between the reconstructed and truth jets [82]. Following this,
the dependence of the reconstructed jet response on observables constructed from the tracking,
calorimeter and muon detectors is removed to improve the jet pp resolution and the associated
uncertainties. This stage also reduces the jet flavour dependence and energy leakage from the
detector response [82]. The final in situ correction is applied to only to data to correct for the
remaining differences between data and simulation [82]. These corrections are derived using

well-measured objects (photons, Z bosons and calibrated jets) [82].

The jet energy scale (JES) calibration results in 125 individual terms derived from in situ, pile-up,
flavour dependence and estimates of additional effects for a complete systematic configuration
[82]. Because of physically meaningful correlations between the terms, they cannot be simply
added in quadrature and instead two reduction schemes are employed, that is, to reduce the
total number of terms in the eigenvector decomposition. The first of the two schemes is the
global reduction that combines all pp-dependent in situ uncertainty components for a total of 23
[82]. The second is the category reduction, which combines all pp-dependent in situ uncertainty

components into separate groups based on their origin; detector, statistical, modelling or mixed
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which results in 15 reduced components for a total of 30 [82]. Figures of the total JES and
JER uncertainty as well as a function of the calibration corrections can be seen for pr and 7
distributions for EMTopo and PFlow jets in Figures 5.13.

5.2.3 Impact Parameter and Secondary Vertices

Because of the dominant nature of the strong interaction in pp collisions at the LHC, b-quarks
are produced at high production rates and are a component of multiple detector signatures of
SM measurements and BSM searches. The b-quark hadronises to form a b-hadron, which has a
long lifetime of 1.5ps (c7 = 470um) [92] resulting in a significant mean flight length compared
to the rest of the Standard Model quarks, before subsequently decaying in the detector. The
long lifetime can be exploited for the classification (or tagging) of the hadronic jet as originating
from a b-quark, named b-jet, in a process referred to as b-tagging. This can be achieved by
reconstructing the displaced or, what is more commonly referred to as, secondary vertex (SV)
caused by the significant lifetime or alternately by examining the impact parameter (IP) of the
daughters [79]. A diagram presenting both these quantities for a b-hadron decay can be seen in
Figure 5.14.

A SV vertex is typically located outside the beam profile in a collider experiment [94] and hence,
can be discussed in the context of short- and long-lived particle decays. Long-lived particles are
those that decay in the tracker volume, such as K-short mesons and A baryons [94]. Short-lived
particles can be defined as those that decay before they enter the first layer of the innermost
tracking device, typically travelling less than a few millimetres [94]. This includes B- and
D-hadrons and 7-leptons and therefore SVs will only be discussed in the context of short-lived

particles for this thesis.

As discussed in Section 5.2.1, the PV reconstruction is essential for the total event reconstruction.
The PV is used as the reference point to which the IP is measured and hence can be defined,
for the transverse (d;) and longitudinal (z;) components, as the point of closest approach of
the trajectory of a track to the primary vertex in the r-¢ and z-axis respectively [27]. Two
further quantities related to the IP are also typically defined. Firstly is the IP normalised by its

associated uncertainty, known as the IP significance, calculated by

do <0
Sdy = a and s, = -—

(5.9)

0 20

The motivation for this quantity is that the uncertainty in dy (z;) depends on the angle and
momentum of the track and thus one can better quantify the significance of the IP of a track.
The second quantity is used in the low-level b-tagging algorithms (Section 7.1) and in electron
and photon reconstruction (Section 5.2.5), is known as the signed transverse and longitudinal
IPs, which are defined by

[Py, = sign x |dy| and IP, = sign x |z;sind)|, (5.10)
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Figure 5.13: Plots of the jet energy scale ((a)-(d)) and jet energy resolution ((e)-(f)) uncertainty
as a function of pp and 7 for jets reconstructed with topological clustering at the electromagnetic

scale and Particle Flow. Taken from

Ref. [82].



66 The ATLAS Experiment

—3% tracks b jet

—————— impact
parameter

=8 secondary
/ vertex

4

do &
7‘ - primary vertex

Figure 5.14: Schematic demonstrating the transverse impact parameter (d;) and the detectable
displaced or secondary vertex caused by the significant lifetime of the b-hadron compared with
other decaying hadrons with short lifetimes. Taken from Ref. [93].

where sign is defined as positive if the track intersects the trajectory of the decaying hadron
and negative otherwise [94]. Only these tracks are considered for secondary tracks [94]. Events
with large positive values typically correspond to those with displaced charged-particle tracks
[92]. In particular, b-jets generally have large positive values because of their genuine lifetime,
whereas the lifetimes for light-flavour quark- and gluon-jets are short because of originating from
interactions with detector material, daughters of V9% and heavy quarks formed in fragmentation
(gluon-jets only). Additionally, Equations 5.9 and 5.10 can be combined to create the signed

transverse (longitudinal) IP significance, calculated by

1P, 1P,
Sq. = and S, = . (5.11)

0 o4

0

5.2.4 Missing Transverse Energy

If a weakly-interacting particle traverses the detectors and hence goes undetected, such as SM
neutrinos and weakly-interacting BSM particles, the total transverse momentum of the system
will be at an imbalance. The net momentum is zero in the transverse plane before the collision
and therefore, will be missing transverse momentum after the collision, according to the principle
of momentum conservation. The only SM particles that have a real contribution to this quantity
are neutrinos, but for RPC SUSY models, such as those introduced in Chapter 3, large quantities
of missing transverse momentum are expected from the LSP. The total missing transverse
momentum (energy) is the negative sum of the transverse momenta of all fully calibrated and

corrected physics objects for muons, electrons, 7-leptons, photons and jets [95]; calculated by

2V refers to neutral particles such as Kaons and Sigma baryons.
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where the components of E). 55 are the same as those defined in Equation 5.1. Using these in

Y
Equation 5.12, quantities are defined for the magnitude of the ET™ and its direction in the

transverse plane i.e, the azimuthal angle (¢™) [95], calculated by

miss
E%liss _ \/(E;niSS)2 + (EzrjniSS)2 and ¢miSS — arctan (EZ:niss> ) (513)

T

The contribution from the fully calibrated objects is referred to as the hard term, whereas the soft
term, originates from energy contributions that are not assigned to any hard objects [95]. The
preferred method to calculate the soft term is to use tracks exclusively reconstructed from the
ID originating from the hard-scatter vertex and are not associated with any electron, 7-lepton,
muon, or jet. This is referred to as the track-based soft term (TST) [96-98]. This improves the
ET % scale® and resolution, particularly for final states with low hard-object multiplicity and is

robust to pile-up [95].

Fluctuations in the measurement of the Ep iss originate from the limitations in the detector

acceptance not allowing the reconstruction of the complete py flow from the hard interaction,

the irreducible intrinsic signal fluctuations in the detector response, and from pile-up [95].
miss

A systematic uncertainty related to the Et  scale and resolution can be determined from

data-to-MC comparisons.

5.2.5 Leptons and Photons

The reconstruction of stable particles that primarily interact via the electromagnetic interaction
such as electrons4, muons and photons will be discussed in this section. It will begin with a
discussion with regard to electrons and photons because of their highly-correlated nature before
moving onto the reconstruction of muons. Leptons are used in Chapter 7 to provide a clean
signature for a high-purity b-jet background for calibrating b-tagging algorithms. Photons are
not an explicit final state object targeted in this thesis, but they can emulate electrons in the
calorimeter and thus why their inclusion is in this section. Prompt leptons can be defined as those
originating from the direct production of electrons, muons, or photons from the hard-scatter
vertex or from the decays of heavy resonances such as the Higgs or vector bosons [99]. The aim is

to reconstruct these, identify them with high efficiency, isolate them from misidentified hadrons,

3 Also known as the EF'™° response, which is determined by the deviation of the observed EF™ from the
expectation value for a specific final state [95].
“The term electron usually indicates both electrons and positrons.
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electrons from photon conversions and non-isolated electrons originating from heavy-flavour

decays [99] and then, in the instance of electrons, suppress incorrect electron-charge identification.

Electrons and Photons

An electron can lose a significant amount of its energy to bremsstrahlung radiation when
interacting with the detector medium, resulting in a strongly collimated shower of electrons and
photons. This would result in a series of energy deposits in the EMcal called a cluster, which
can be matched to multiple tracks originating from the primary electron [99]. This process uses
Topoclusters and track reconstruction described in Sections 5.2.2 and 5.2.1 respectively. The
results of the reconstruction procedure are classified as either an unambiguous electron candidate
or an ambiguous photon conversion or electron. A schematic presenting an electron traversing
the ID and EMcal can be seen in Figure 5.15.
hadronic calorimeter

third layer ~
AnxAg—0.05x0.0245

second layer
AnxAp=0.025x0.0245

first layer (strips)
AnxAg=0.0031x0.098

presampler

TRT (73 layers)
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beam axis pixels

beam spot

do

insertable B-layer

Figure 5.15: Schematic presenting an electron traversing the inner detector and decaying in the
electromagnetic calorimeter. Taken from Ref. [99].

The identification procedure uses a likelihood-based discriminant to define five operating points
(OP) to provide a prompt-electron selection efficiency (and corresponding background rejection)
to be used by ATLAS physics analyses [99]. For example, the efficiency for identifying a prompt
electron with Ep = 40 GeV is 93%, 88%, 80% for the Loose, Medium and Tight OPs respectively
[99]. For background studies, a VeryLoose OP is also defined. Additionally, a LooseAndBLayer
OP is also defined, that uses the same likelihood discriminant threshold as the Loose OP but
adds a requirement of a hit in the IBL [99].

To isolate prompt electron and photon decays, the characteristic signature of little activity in
EMcal and ID is used [99]. By using the AR variable (Equation 5.3) one can quantify the amount
of activity in the vicinity of a candidate object. In combination with the use of topoclusters to
measure the energy deposited by the electron core, surrounding cone radius (Ry), leakage and
pile-up provides a simple and stable energy subtraction [99]. From this, three OPs are defined
depending on the specific isolation criteria required by the physics analysis; Loose, Gradient and
Fixed cut [99].
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Photon reconstruction is analogous to that of electron reconstruction, using both the information

from the tracking detectors and calorimeter [76].

Muons

Muons are reconstructed using a combination of information from several sub-detectors to reach
almost 100% reconstruction efficiency and identification efficiency over an entire range of pp
with background contamination at the per-mille level [80]. The main signature exploited for
muon identification in ATLAS is the minimum ionising particle (MIP) which is revealed in the
detector as the presence of a track in the MS or characteristic energy in the calorimeters [80].
Therefore, information is primarily used from tracking in the ID and MS because energy can
be lost in calorimeters, but this is also used as it can be adjusted for [80]. This results in five
strategies and therefore, five representations of muons; combined (CB), inside-out combined (1I0),
MS extrapolated (ME), segment-tagged (ST) and calorimeter-tagged (CT) [80].

CB muons are reconstructed by matching MS tracks to ID tracks and performing a combined
track fit based on hits in both detectors as well as the energy lost in the calorimeters [80]. 10
muons are reconstructed using an inside-out algorithm where ID tracks are extrapolated into the
MS and MS hits are searched for [80]. Since this type does not rely on an independent MS track,
10 is typically more efficient in selection than CB [80]. ME muons are reconstructed if a MS
track is not matched to an ID track, the MS track parameters are extrapolated to the beamline
and a ME is defined [80]. The benefit of ME muon strategy is that they can be used to extend
the acceptance outside of the ID pseudorapidity range (|n| < 2.5) and thus exploit the full MS
coverage up to |n| < 2.7 [80]. ST muons are reconstructed from the extrapolation of an ID track
into the MS with an angular matching requirement of at least one MS segment [80]. Finally,
CT muons are reconstructed by extrapolating ID tracks through the calorimeters to search for

energy deposits consistent with the MIP hypothesis [80].

After reconstruction, high-quality muon candidates used for physics analyses are selected from a
series of requirements on the number of hits in the different tracking sub-detectors, on the track
fit properties, and on variables that test the compatibility of the individual measurements in
the two detector systems [80]. Similar to the electron identification, a series of operating points
are defined, which determine the selection criteria and results in a specific muon identification
efficiency and purity as well as the incorrect identification rate for the background. The rejected
background is light hadrons, which in general result in lower-quality muon tracks because of the
change in trajectory stemming from the in-flight decay within the detector [80]. Three standard
OPs are defined in the order of increasing purity and decreasing efficiency; Loose, Medium and
Tight [80]. Where Loose was optimised for reconstructing Higgs decays in a four-muon final state
and Tight benefit analyses that are limited by background from non-prompt muons [80]. Two

further operating points for unique scenarios are also defined; High-pT and Low-pT [80].

The method for defining muon isolation criteria is analogous to electron isolation. Most non-
prompt muons are removed because of the lack of track association with muon tracks [80]. Since

information is available from the tracking and calorimeter sub-detectors; isolation criteria are
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defined for track-only, two Loose, two Tight and two criteria based upon a Boosted Decision
Tree (BDT) selection [80].

5.2.6 Taus

The 7 lepton, which has a lifetime of 290.3 x 10~ s [7], is identified by its decay products.
The largest contributing decay modes are; 7 — e v, (17.8%), 7 — pu v, (17.4%),
s (nr)y, (48%) and 77 — 7w w1 (na)w, (15%) where n = 0,1,2 where the 7° decays
to a pair of photons (° — ) [6, 7]. Hadronic decays of the 7 lepton can therefore be identified
as a jet originating from a 7, referred to as 7-jets, or one can treat them as unlabelled jets, which
is the strategy in this thesis. Leptonic decays of the 7 lepton are observed as electrons or muons

plus missing energy, originating from the neutrino. [6, 27].

5.3 Conclusion

This chapter summarised both hardware and software components of the reconstruction of
Standard Model particles in the ATLAS experiment. The chapter began by outlining the design
and purpose of each sub-detector component and finished by discussing the computationally-
reconstructed objects obtained from these detector signals. These physics objects form the basis
for which a Standard Model measurement or search can be performed .This chapter focused in
particular on the reconstruction and calibration of jets as well as jets originating from the decays
of b-quarks because of their inclusion in the detector signature of the two final analysis chapters
(8-9).
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Chapter 6

Statistical Methods

In experimental particle physics, statistical inference is used to interpret data. The generic
statistical goals of the ATLAS experiment are to measure properties of SM processes, search for
new physics and, if required, set statistical limits on the probability of the model parameters of
the new physics existing. Therefore, this chapter discusses the statistical methods used in the
Chapters 7-9.

The statistical methods used in this thesis are frequentist statistical tests of compatibility between
a dataset and a model predicted by Monte Carlo. One method is to quantify the level of agreement
with a hypothesis and the observed data with a Pearson’s X2 statistic. The other is by minimising
the (profile) likelihood ratio for a null hypothesis (H) and alternate hypothesis (H;) with a test
statistic that depends on the statistics goal. This chapter will present the reader the mathematics

that is used in each of these statistical methods.

6.1 Pearson’s X2 Statistical Test

Often one wants to measure the compatibility between a null hypothesis with observed data
without an explicit reference to an alternate hypothesis, in a statistical test called a goodness-of-fit
test. This is done by defining a test statistic whose value reflects the level of agreement between
the data and the hypothesis. One common goodness-of-fit test is the Pearson’s x* test [100]. For

a series of N Poisson measurements, the sum of the squared deviations is calculated by

N

Y=Y (n; — pa)* 6.1)
M ’

i=1

where n; (u;) is the observed (expected) number of events in bin 4 distributed according to the
null hypothesis [101]. Equation 6.1 represents the level of agreement between the two, therefore
can be used for assessing goodness-of-fit and defines the Pearson’s X2 test. If the expected values

from hypothesis ji are sufficiently large or equivalently can be considered as following a Gaussian
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distribution, then the X2 statistic will follow a x2 probability density function with number of
degrees of freedom (Ngof) [7];

f 2 X2§N =~ - <
O Na) = o Noe2)

where the function I'(Ng.¢/2) is calculated from

I'(z) /0 ey, (6.3)

The number of degrees of freedom can be defined as the number of measurements minus the
number of fitted parameters [101]. The x° distribution, for Ny, has mean E[x?] = Ny
and variance V[x?] = 2Ny [101]. The probability, under the null hypothesis, for a set of

measurements giving a value of X2 or larger is then calculated by

400
p= [ fele Nagdz, (6.4)
Because the F [Xz] = Ngof, one would expect the obtained values from an experiment to be
x> ~ Ny and hence x* /Ny is typically reported [7]. Both p-value and x*/Ng,; values are used
to assess the agreement between the observed data and null hypothesis and thus, either can be
quoted. However, the X2 test only assesses the agreement in the shape, not the normalisation

[100] and, in general, the p-value provides more information.

6.2 The Likelihood Equation

The other statistical method used for assessing the compatibility between data and two hypotheses
is by performing a likelihood fit, that is, maximising the likelihood equation (L(H)). A likelihood
function is obtained from the probability of the data (z) under assumption of the parameters ()

of the hypothesis. For a set of N Poisson measurements, the likelihood equation is given by [102];

N
H IU’S + b (#Sz‘+bi) X H POiS(‘g() - 9)) (65)
-1 6co

where n; (us; + b;) is number of observed (expected) events in the ith measurement bin. The

yields are calculated by

s5i=5w1 | folwiO)de and by =byy [ fylw;0)dz, (6.6)

bin,i bin,?

—

where f,(z;60) are PDF's for variable z and ] represent parameters to characterise the shapes of
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the PDFs for signal and background. Both equations depend on the rate of the signal process
1, which is called the signal strength. The signal strength directly affects the signal yield, such
that u = 0 corresponds to the background-only hypothesis (i.e no signal present) and =1 as a
nominal signal hypothesis. In the general likelihood equation, this parameter is known as the

parameter of interest (POI) because it is measured when performing the likelihood fit.

To reflect the imperfect nature of performing a measurement, Equation 6.5 is a function of
nuisance parameters (NPs, 5), where NPs are included to parameterise systematic uncertainties.
The final term in Equation 6.5 is additional Poisson (or Gaussian in large n limit) constraint
term. For each systematic uncertainty, the evaluation of a NP is performed by assessing the
expectation between the varied (typically §; = 41 standard deviation) and nominal values 6; = 0
[102]. Additionally, it is preferred that NPs are constrained by data. An example of this is the

data-driven background estimation of the ¢ background in the analysis chapters 8-9.

6.3 Hypothesis Testing

Test statistics are used in searches for new physics to determine whether the null hypothesis
(Hy, typically the Standard Model expectation) is favoured or excluded by an experimental
observation [103]. Often, it is desirable for the observation to be tested with respect to the
expectation derived using an alternate hypothesis (typically H;), originating from a BSM physical
process called the signal-plus-background hypothesis. Therefore, the test statistic used should
incorporate both the currently established theory and the model where the new physics exists.
This test statistic is chosen by the Neyman-Pearson lemma [104], which states that the (profile)
likelihood ratio is the optimal discriminator when comparing the compatibility of the alternate
and null hypotheses with the data. The equation for the profile likelihood ratio (PLR) for a
specified hypothesised value of u is calculated by

Ap) = ; (6.7)

where the numerator is the likelihood function when using the profiled values of 6 that maximises
the likelihood (é) for the specific p and hence is named the conditional maximum likelihood
estimator (MLE) of 6 [100]. The denominator is the likelihood function maximised by the
estimators [ and 6. In practise, instead of maximising the PLR, it is more convenient to minimise

the negative natural logarithm of the PLR and hence, the test statistic ¢, is defined as;

t, = —2InA(p), (6.8)
where higher (lower) values of ¢, indicate better (lesser) agreement between data and hypothesised
1 and so, one can use this as a measure of the discrepancy between data and the hypothesis by

calculating the p-value under the assumption of the signal strength p;
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P, = / T e, (6.9)

tu,obs

Wilks’ theorem [105] states that, in the large n limit and when certain regularity conditions
are satisfied [7], Equation 6.8 asymptotically approaches a XQ distribution with Ny, degrees of

freedom equal to the number of components of g.

In the scenario where the signal region has a large number of observed events, the asymptotic
approximation of the test statistic PDF (f(t,[n)) can be used [106]. In the scenario of low (< 10)
data events in the signal region, the test statistic distributions are obtained by sampling the
likelihood function with MC simulations, named pseudo-experiments or toys, which randomises
the central values of all NPs and the expected yields are computed [8, 107]. To sample the test
statistic distribution the frequentist calculator of the RooStats [107] package was used.

In particle physics one usually converts the p-value (p) into an equivalent significance (Z). Defined
such that a Gaussian distributed variable found Z standard deviations above its mean has an

upper-tail probability equal to p [106]. The relationship between the two is calculated by

Z=0o""1-p), (6.10)

which is in units of Gaussian standard deviations (o) and @ ! is the inverse of the cumulative
distribution of the standard Gaussian. The rejection of the background hypothesis at Z = 5o
(p-value=2.85 x 10_7) can be claimed as a discovery. For the rejection of the signal hypothesis, a
maximum p-value threshold of 0.05 (95% confidence level) or Z = 1.640 is set [106]. The particle
physics community mutually accepts that a Z = 3¢ is sufficiently statistically significant to
provide “evidence” for a discovery. The remaining one-sided significance values between Z = 1o

and Z = 50 and how it converts to a p-value can be seen in Table 6.1.

Significance (Z) p-value
lo 0.15865
1.640 (Exclude Test Hypothesis) 0.05
20 2.275 x 1077
30 (Evidence of New Physics) 1.35 x 1072
4o 3.15x 1077

50 (Discovery of New Physics)  2.85 x 107"

Table 6.1: One-sided Gaussian significance values and equivalent p-values.

6.3.1 Test Statistic for Discovery

If one wants to test the presence of a new signal that can only increase the number of events

observed i.e p > 0, such as the signals searched for in this thesis, one can use the test statistic;
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—21nA(0), >0
9 = . (6.11)
0, i< 0

An example of the distribution for this test statistic can be seen in Figure 6.1(a).
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Figure 6.1: Examples of the distributions for (a) discovery and (b) exclusion test statistics used
with the profile likelihood ratio. Taken from Ref. [108].

To quantify the level of disagreement between the data and the u = 0 hypothesis, the p-value is

computed for the test statistic in Equation 6.9 using the observed value of ¢.

6.3.2 Test Statistic for Exclusion

If one wants to establish an upper limit on the strength parameter p of a signal, the possibility
of an increase in the mean event rate should be considered. This is factored into the test statistic
[106] calculated by

p<p
q, = ) . (6.12)
>

An example of the distribution for this test statistic can be seen in Figure 6.1(b). Note g, =0
for {1 > p because data would not represent less compatibility with p than the value obtained by
the data. The upper limit is obtained by testing u against the alternate hypothesis (lower 1) and
from the definition of the test statistic, one sees higher values representing greater incompatibility
between data and hypothesised p [106]. The p-value is again computed using the Equation 6.9

using the observed value of g,,.

Note, switching discovery and exclusion test statistics is equivalent to inverting the roles of the
two hypotheses. For the discovery (exclusion) test statistic, the null hypothesis is the background-
only (signal-plus-background) model whereas alternate hypothesis is the signal-plus-background

(background-only) model.
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CL, Prescription

For a specified test statistic (¢), the confidence in the signal-plus-background and background-only
hypotheses is calculated by the probability that the test statistic is less than or equal to the

value observed in the experiment (q.,s) [103];

9obs dp b
CLs+b = szrb(q < QObs) = / ot dq and

o dq

dobs dp
CLy = pp(q < qops) = / CTqbdQ-

(6.13)

If the signal expectation is very small such that it’s hard to distinguish between the signal-plus-
background and background hypotheses, it is likely that the signal model will be considered
excluded. The CL, value originates from normalising the confidence level for the signal-plus-

background hypothesis to the confidence level for the background-only hypothesis;

L
CL, = CCL:b (6.14)

Because the denominator is always less than one, the criteria for exclusion is more stringent than
setting a limit of p,,, < «, where « is a specific CL. Therefore, the CL, value is considered a
conservative limit on the signal hypothesis [103]. Because of the normalisation of the two CLs, if

one were to obtain two low p-values, a CL could still be obtained and hence the exclusion of a

signal hypothesis is prevented due to low sensitivity.

The CL, value is not strictly a confidence level (CL), but the signal hypothesis will be considered
excluded at the CL when 1 — CL, < CL [103]. The threshold used in thesis is defined as 5%,
i.e a 95% CL. This results in an approximation to the confidence level of the signal hypothesis
(CL,) one might have obtained if the experiment had been performed in the complete absence of
background [103].

6.4 Likelihood Fits in ATLAS

To perform the likelihood fits introduced in the Section 6.2, the HistFitter [102] framework is
used. The workflow of the framework for a typical ATLAS SUSY search methodology can be

seen in Figure 6.2.

For N regions of phase-space or henceforth referred to as bins, the normalisation is measured for
the pth background process in a p-enriched bin is called a p control region (CR) by performing
a likelihood fit to the predicted background events. For the pth background CR processes, a
transfer factor (TF) is calculated, which allows the background estimates in the CRs to be

converted into background estimates in the signal-rich regions of phase-space, known as signal
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Figure 6.2: Schematic presenting the workflow of the HistFitter [102] framework used to
perform likelihood fits.

regions (SRs) by the Equation [102];

MC, (SR, raw.)

Np(SR,est.) = Np(CR’ObS.) 8 [MCp(CRJaW-)

] = N,(CR,obs.) x TF,,

_ [ N, (CR,obs.) (6.15)

l\/ICp(CR,raW.)} x MC,(SR,raw.) = p1,, x MC,,(SR,raw.).

For the pth background process, N,(SR,est.) is the estimate for the background in the SR,
N, (CR,o0bs.) is the observed number of data events in the CR, MC,(SR,raw.) (MC,(CR,raw.))
are the Monte Carlo SR (CR) unnormalised background estimates. The term in the square
brackets of the first line of Eq. 6.15 is the transfer factor (TF),) that quantifies the estimate from
the CR to the SR. The second line of Equation 6.15 presents the actual normalisation factor in
the square brackets (y1,), which is a ratio of the observed data events to Monte Carlo in the CR
which is obtained by normalising with a likelihood fit, the Monte Carlo to the data.

An important consequence of using transfer factors to estimate background processes is the
cancellation of systematic uncertainties because of the ratio of MC estimates. The more
kinematically similar the CR is to the SR, the greater the cancellation, however, there is a
trade-off related to the statistical uncertainty in the normalisation factor becoming greater with

fewer data events.

For simplicity, the previous discussions have assumed physical scenarios that are a single-bin (SB)
approach, that is, an inclusive area of phase-space defined by selection thresholds on kinematic
observables. However, one can increase the statistical performance of an analysis by including
multiple signal region bins (MB) in a combined likelihood fit. One way to do this would be to
create SR bins defined for a series of thresholds on an observable that is sensitive to a signal
- examples are presented in Section 8.3.1. The combination of bins increases the statistical

sensitivity to the signal because of the difference in shape between the signal and Standard Model
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background, which otherwise cannot be exploited by an inclusive SB approach.

The next section will present the three likelihood fits performed by an ATLAS SUSY search.

Background-only fit - The background-only fit does not actually use a test statistic with
the profile-likelihood ratio. Instead, only control regions are used in the likelihood equation
in the absence of signal processes (therefore = 0 in Equation 6.5) to obtain the background
normalisation parameters, ji,, resulting in a prediction for the post-fit background estimate which
is extrapolated to the validation and signal regions. Validation regions (VRs) are designed to be
kinematically close to SRs but orthogonal so that before unblinding an analysis in the SR, one
can validate the background estimation methods in a region similar to the SR with real data.
Consequently, this fit type is primarily used for validating the background estimation methods in
the signal and validation regions. The quantity used to do this is referred to as a pull, which is
defined by

pull = Y% — e — : (6.16)

Otot O (stat. exp.) ® O (syst. exp.)

where the systematic uncertainty in the background prediction (o sy, exp.)) is added in quadrature
to the statistical Poisson uncertainty in the expected number of background events (0'(sat. exp.))-
The statistical Poisson uncertainty in the data is not accounted for in Equation 6.16 because the
pull is a standardised Gaussian measure of observing data n,, given a background distribution
of G(v;, atQOt). On average, if the pulls in validation regions are negative (positive), the data is
overestimated (underestimated) and the background model needs to be corrected. Therefore, any
pulls around zero (< 1o) often implies a sufficient approach to the estimation of SM backgrounds.
No specific signal models are used in this fit and so, this method is completely model-independent.
Searches for SUSY in ATLAS use this approach to attempt to observe excesses beyond the
Standard Model prediction.

The two remaining likelihood fit strategies performed by ATLAS SUSY searches are aimed
towards the discovery of new physics (“discovery fit”) and setting statistical limits on the
presence of new physics existing (“exclusion fit”). After applying the transfer factors for the
background estimation in the signal or validation regions, the results can be interpreted using

the profile log-likelihood ratio with the corresponding test statistics.

Discovery fit - This strategy serves two-fold; it uses the test statistic of Equation 6.11 to
measure the disagreement of data with the background-only hypothesis. Signal events are
neglected in the control region and thus are only present in the signal region. The nominal
strategy used by ATLAS to perform this likelihood fit uses a dummy signal i.e, an arbitrary
signal which is chosen to have an event yield of one event in the SR, and the normalisation is
allowed to float so that the background expectation plus signal is consistent with the data. The

background prediction is considered conservative because any signal contribution in the control
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regions is attributed to the background and thus yields a possible overestimate of the background

in the signal regions.

The second purpose of this fit type is designed for the reinterpretation of the analysis regions to
allow for others with a different BSM signal process to determine whether that model is excluded.
This is performed by providing the 95% confidence upper limits on the number of observed and
expected signal events (Sg{:’s and ngp), so that if any model were to predict more events in the
SR, it would be excluded.

Exclusion fit - In the event of performing the background-only or the discovery fit and no
statistically significant excesses above the Standard Model expectation were observed, this fit
strategy is performed. The primary purpose is to set confidence limits on the parameters of a
signal model of interest, thereby quantifying whether a model can be considered statistically
excluded or not. It should be performed regardless of whether an excess was observed or not
in the background-only fit because it can determine whether the excess is consistent with the

optimised signal.

To perform this fit, the expected number of signal events corresponding to the nominal signal
hypothesis (s), are included in addition to an additional parameter, pg, which varies the
normalisation of the signal strength and is assumed to be positive. The nuisance parameters are
constrained further because of the simultaneous fit performed to both the CRs and SRs. The
test statistic in Equation. 6.12 is used to perform this fit, where a p-value can be calculated using

the CL; prescription.

6.5 Conclusion

This chapter presented two statistical inference techniques, the X2 goodness-of-fit test and the
use of the likelihood equation for hypothesis testing. For the latter, several test statistics were
presented for the two main statistical goals of this thesis; the discovery of new physics and
the purpose of setting statistical limits on BSM model parameters. The chapter concludes by
discussing the three likelihood fit strategies used in ATLAS SUSY searches, such as those in
Chapters 8-9.
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Chapter 7
Calibration of b-tagging Algorithms

Jets originating from b-hadron decays (b-jets) are a common component in the final-state detector
signature of many measurements and searches at the LHC because of Higgs, vector boson and top
quark decays. In Section 5.2.3, the concept of identifying and classifying b-jets was introduced.
In this chapter, the measurement of the efficiency of these algorithms that perform the b-jet
identification is presented. The calibration is then used in physics analyses such as those in
Chapters 8-9.

7.1 b-tagging Algorithms

The approach to b-tagging algorithms used by ATLAS utilises a two-level strategy where the
first level targets the underlying event kinematics, primarily based on the impact parameter (IP)
and secondary vertices (SV), using log-likelihood ratio discriminants. The second level combines
all the outputs of the first level into a single multivariate discriminant algorithm to maximise the

identification of b-jets.

There are two low-level algorithms used by ATLAS which are founded on the kinematics related
to the impact parameter and they are; IP2D and IP3D [109]. IP2D uses the signed transverse
IP significance (Equation 5.11) of tracks to construct a discriminating variable [92]. TP3D also
uses the signed transverse IP significance, in addition to the longitudinal IP significance and
therefore utilises a two-dimensional template to account for their correlation [92]. To enhance the
discrimination power, the templates are separated into exclusive categories that depend on the hit
pattern of a specific track, termed the track grade [109]. In both algorithms, probability density
functions (PDF's) are derived from the histogram templates using their respective variable(s). The
PDFs allow the b-, ¢- and -jet probabilities to be calculated on a per-track basis [92] - where b-, c-
and [-jets are jets tagged as beauty, charm and those arriving from quarks or gluons termed light
flavour jets. The outputted discriminating variable from each algorithm is a log-likelihood ratio
(LLR) defined, for each jet-flavour hypothesis, as the sum of per-track contributions va log (5—2),
where N is the number of tracks and py, p. and p, are probability of being a b-jet, c-jet and
light-jet [92]. Additional outputs based on the LLR are created to distinguish b-jets from c-jets
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and c-jets from light-jets [92]. It is these outputs that are used as input to the high-level taggers.

Compared to the previously published measurement of the efficiency of b-tagging algorithms
for ATLAS data collection periods 20154+2016+2017 [92], a further low-level track-based NN
algorithm has been introduced. IP3D assumes that the flavour probabilities of different tracks in
a jet are independent and studies [109] have shown the use of a Recurrent Neural Network (RNN)
track-based algorithm can overcome the limiting ability of IP3D and can be used to sequentially
learn the track dependency in a jet. For each selected track, the transverse (longitudinal) IP, the
fraction of pp carried by the track relative to the jet pp (pgzac), the angular distance between the
track and the jet axis (AR(track,jet)) and the track grade is passed to a NN cell where again
the b-, ¢-, - and 7-jet probabilities are outputted for use in the high-level taggers [109].

ATLAS uses two low-level algorithms to exploit behaviour related to secondary vertices, which
are SV1 [110] and JETFITTER [111]. The former aims to reconstruct a single displaced SV in a
jet, while the latter aims to reconstruct the full b-hadron decay by exploiting the topological

structure of the weak b- and c-hadron decays inside a jet [92].

SV1 starts by identifying possible two-track vertices associated with the jet whilst rejecting
tracks compatible with long-lived particle decays, photon conversions, or hadronic interactions
with the detector material [92]. Then, running iteratively on all tracks, tries to fit one SV from
the reduced list of two-track vertices. For each iteration, a Pearson’s X2 test is performed to
evaluate the track-to-vertex association [92]. The track with the largest X2 is removed from
the fit and this is repeated until a sufficient X2 is obtained in addition to requiring the vertex
invariant mass being less than 6 GeV [92]. The outputs of this algorithm are the vertex mass,

energy fraction and number of two-track vertices, all of which are used in the high-level taggers.

JETFITTER uses a modified Kalman Filter [112] to find a common line in which the primary b- and
c-vertices lie. This is achieved by approximating the b-hadron flight path from the intercepts of
the particle tracks with the jet axis and vertex positions [92, 109]. The outputs of this algorithm
are the track multiplicity at the JETFITTER vertex, the invariant mass of tracks of these vertices,

energy fraction, average 3D decay length significance, all of which enter the high-level taggers.

The second stage of maximising the b-tagging performance in ATLAS is to combine the outputs
from the low-level taggers into a single multivariate algorithm. Two high-level algorithms relevant
to this thesis are MV2 [109] and DL1R [109] where the first of those uses a boosted decision
tree (BDT) and the latter is a deep feed-forward NN [92]. The inputs to each of these high-level

multivariate algorithms can be seen in Table B.3 in Appendix B.1.

MV2 is trained using a BDT with the ROOT Toolkit for Multivariate Data Analysis (TMVA)
[113] software on a simulated background dataset. The dataset is composed of ¢t production and
7' decays for increased sensitivity to low- and high-py jets, respectively. To avoid the differences
between jet flavours, in the pp and || distributions, being used for discrimination by the BDT,
b-jets and c-jets are weighted to match light-jets [92]. The BDT hyperparameters, that can be
seen in Table B.1 in Appendix B.1, are optimised to provide the greatest separation between
the signal (b-jets) and the background (c-jets and light-jets) [92]. The distribution of the output
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discriminant from MV2 can be seen in Figure 7.1(a).
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Figure 7.1: The distribution of the output discriminant for the b-tagging algorithms (a) MV2
and (b) DL1R. The hashed green background on the SM total is the sum in quadrature of the
difference between the up (down) and nominal background of each systematic uncertainty and
the straight black lines represent the statistical uncertainty. (a) was produced using a superseded
iteration of ATLAS software in addition to not using the same systematic configuration included
in Section 7.5.

The DLI1R neural network is trained using Keras [114] with the Theano [115] backend and the
Adam optimiser [92, 116] and again, a reweighting of the pp and |n| distributions for b-jets and
c-jets is performed. The hyperparameters of the network, that can be seen in Table B.2 in
Appendix B.1, are optimised for maximising b-tagging performance [92]. The output discriminant
for the DL1R algorithm is calculated by

(7.1)

Dy
D =In 3
PLix (fc'pc+(1_fc)'pl)

where p, for x = b, c,l is the probability of being a b-jet, c-jet and light-jet, respectively, and f,.
is the c-jet fraction in the background, which is chosen by the analyser and typically has a value
of 8% [92]. Similarly, the distribution of the output discriminant, given these parameters, can be

seen in Figure 7.1(Db).

The evaluation of a b-tagging algorithm is performed using single-cut operating points (OP),
which are defined by a selection threshold of the algorithm discriminant, resulting in a specific
b-tagging efficiency for b-jets and rejection rates for c-, [—, and 7—jets [92]. An alternate approach
is to divide the algorithm discriminant into five pseudo-continuous (PC) bins [92]. These five bins
arise from the four standard b-tagging efficiency operating points; 85%, 77%, 70% and 60% and
the highest (lowest) is bounded by 100% (0%). Then, the b-tagging efficiency can be calculated

for the entire range of the algorithm discriminant.
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7.2 Object Definitions

The next section will detail the definitions of the reconstructed physics objects used in this

calibration.

Trigger - Event recording is triggered by a logical OR between the single lepton triggers for
electrons and muons, such that the event is recorded if either the electron or the muon triggers

have been activated.

Electrons - Electrons are reconstructed and required to pass the electron Fixed-cut Tight
identification and isolation criteria. Candidates must fall into the fiducial area of the EM
calorimeter (|n| < 1.37 or 1.52 < |n| < 2.47) and have pp > 28 GeV to avoid large trigger
efficiency uncertainties in the turn-on region of the lowest-pp unprescaled trigger. The isolation
criteria removes electrons for which there are significant energy deposits, either in the calorimeter

or from high-momentum tracks.

Scale factors (SFs) of the order of unity derived in Z — ¢/ events are applied to account for
differences in reconstruction, trigger, identification and isolation efficiencies between data and
simulated events. Electron calorimeter energies are calibrated to the true electron energy in
simulation, and residual discrepancies between the energy scale and resolution in the simulation

with respect to the data are corrected using the Z — ¢¢ mass peak.

Muons - Muons must pass the muon Tight isolation and identification criteria in addition to
being central (|n| < 2.5) and in the efficient region of the trigger (pp > 28 GeV) [80]. In the
instance of a poorly reconstructed muon, i.e., a muon reconstructed from high hit multiplicities
in the muon spectrometer because of highly energetic punch-through jets or from badly measured
inner detector tracks in jets wrongly matched to muon spectrometer segments, the whole event

is vetoed. Additional corrections to the muon pr are also applied.

Jets - Jets were reconstructed using the ParticleFlow (PFlow) algorithm. Under the PFlow Jet
reconstruction scheme, calorimeter clusters are associated with reconstructed tracks and removed
if their impact parameters are not compatible with tracks originating from the event primary
vertex. The final energy of these PFlow objects is then determined through a combination of the
measured cluster (calibrated at the EM scale) and track energy, parameterised as a function of

the track pr to take the maximum benefit from the better track pp resolution at low energies.

PFlow objects are then clustered into jets using the anti-k; algorithm with R = 0.4 [91, 117].
The transverse momenta of the jets were further corrected to the corresponding particle-level jet
pr [118]. After these calibrations, all jets in the event (pp > 20 GeV, |n| < 4.5) must satisfy
the LooseBad jet cleaning criteria [119]. Because b-tagging is based on the tracks associated
with the jets, jets with pp < 20 GeV or |n| > 2.5 are removed. To reduce the number of

jets with large energy fractions from pileup collision vertices, the Medium operating point of
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the JetVertexTagger (JVT) algorithm is used [120]. This OP determines PFlow jets with pp
<60 GeV and |n| < 2.4 as pileup if the JVT discriminator is < 0.5.

Resolving Overlapping Objects - In the instance of candidate objects overlapping with

each other, all but one object must be removed from the event. The distance metric used to
define overlapping objects is AR = 4/ A<b2 + Ay2. To prevent double-counting of electron energy

deposits as jets, jets within AR < 0.2 of a reconstructed electron are removed. If the nearest jet
surviving the selection is within AR < 0.4 of the electron, the electron is discarded, to ensure
it is cleanly separated from nearby jet activity. To reduce the background from muons from
heavy flavour decays inside jets, muons were required to be separated by AR > 0.4 from the
nearest jet, removing the muon if the jet had at least three associated tracks, and removing the
jet otherwise. This avoids the inefficiency for high-energy muons to undergo significant energy

losses in the calorimeter.

Jet Truth Labeling - Truth-level information is used to classify jets, which is necessary in
this calibration technique to correctly study the flavour fraction composition in simulated events.
Four different classifications are used; b-, ¢-, I- or 7—jets. The labeling procedure for a jet is

performed in three steps:
1. Select all the B-hadrons, D-hadrons and 7-leptons with pp > 5 GeV.

2. For each hadron or lepton, find all the jets satisfying AR(jet, hadron) < 0.3. If two or more

jets are matched to the hadron or lepton, keep the closest.

3. For each jet, remove the association to any hadron that is a daughter of another hadron
attached to the jet.

After this algorithm is applied, jets associated with B-hadrons (D-hadrons, 7-lepton) are called
b-jets (c-jets, T-jet). If they are not associated with any previous truth particle, they are deemed

light-jets.

7.3 Event Selection and Categorisation

To measure the identification performance of b-tagging algorithms in Monte Carlo simulation, a
high-purity simulated dataset of b-jets is required. For one of several reasons, this motivates the
targeting of the ¢t production detector signature. The leptonic decay of the W boson in each top
quark decay1 provides a clean detector signature, where exclusively two b-jets can be identified

in addition to two well-identified leptons.

Fake events occur typically when only one W boson decays leptonically and the remaining fake
lepton arises from non-prompt leptons produced from b- and c-hadron decays, electrons arising

from photon conversions, jets misidentified as electrons and muons produced from in-flight pion

'This is referred to as the deleptonic decay of tt.
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or kaon decays [92]. The number of events with two fake leptons is negligible. The remaining
SM processes are sub-dominant for this detector signature, however, it is useful to classify them
further into those with two real prompt leptons from vector boson decays and those where
at least one reconstructed lepton is fake [92]. The former consists of single top production in
association with a W boson (IWt), the production of two vector bosons, referred to as diboson
(WW,WZ,ZZ), where at least two leptons are produced in electroweak decays and Z-jets
with Z decaying into leptons [92]. The latter, which is sub-dominant compared to the former,
is mainly composed of ¢t- and s-channel single top production and W+jets with the W boson

decaying leptonically.

Plots of the Feynman diagrams for the contributing Standard Model (SM) background processes
used in this measurement and in the analysis Chapters 8-9 can be found in Figures 7.2-7.5. The
corresponding table of the MC generators used for the SM background processes used in this

measurement can be found in Table 7.1.
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Figure 7.2: The dominant pair-production mechanisms of the top quark; gluon-gluon fusion and
quark-antiquark annhilation. Taken from Ref. [121].
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Figure 7.3: Dominant electroweak single top production mechanisms at hadron colliders. Taken
from Ref. [122].

The event selection is restricted further to reduce backgrounds from non-prompt decays. To
reduce backgrounds with less than two prompt leptons, the two leptons must have opposite
charges. Backgrounds originating from Z boson decays are reduced by requiring one lepton to
be an electron and the other a muon [92]. The remaining Z boson contribution, from Z — 77, is
reduced by selecting on the invariant mass of the lepton pair; m,, > 50 GeV. The exclusive two

jet selection reduces tt backgrounds where the jets originate from ISR or FSR. For the remainder
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Figure 7.4: Production mechanisms for Z boson plus two jet events. Taken from Ref. [123].
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Figure 7.5: Left (right) - production mechanism for W boson plus one (two) jet events. Taken
from Ref. [124].

Process Generator Tune PDF set Cross section
+ fragmentation/hadronisation order
tt POWHEG-BOXv2 Al4 NNPDF3.0 NNLO+NNLL [125]
+ PyTHIA-8.230
Single top POWHEG-BoOXv2 Al4 NNPDF3.0 NNLO [125]
Wt + s/t-channel (DR [126] [127]) + PvyTHIA-8.230
Diboson SHERPA-2.2.1(2) Default NNPDF3.0 NLO [128, 129]
WW,WZ,72Z 1(2) for 1(0) hadronic V' decay
W /Z+jets SHERPA-2.2.1 Default NNPDF3.0 NNLO [130]
Alternate Generators
tt POWHEG-Boxv2 H7-UE-MMHT NNPDF3.0 NNLO+NNLL [125]
+ HERWIG-7.0.4
Single top POWHEG-BoOXv2 H7-UE-MMHT NNPDF3.0 NNLO [125]
Wt + s/t-channel + HERWIG-7.0.4
Single top POWHEG-BOXv2 Al4 NNPDF3.0 NNLO [125]
Wt + s/t-channel (DS [126] [127]) + PvyTHIA-8.230

Table 7.1: List of nominal and alternate generators used for the different processes. Information
is provided for the tuned set of underlying event and hadronisation parameters (tune), the PDF
sets and the perturbative QCD highest-order accuracy used for the normalisation of the different
simulation processes. For the single top simulation, DR (DS) abbreviations are the diagram
removal (subtraction) schemes.
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of this chapter, the simulated dataset will be discussed in terms of the two jet flavours (b, ¢, [)
instead of the SM background contribution because the focus of this study is to measure the
b-tagging efficiency. This classification for the events will therefore be described as either two
b-jets (bb), two non-b-jets (Il), b-jet plus non-b-jet (bl) where b-jet pp > non-b-jet pr and b for
the reverse scenario to bl.

Large ¢t modelling uncertainties dominated the first ATLAS b-tagging calibration publication
[131]. The subsequent ATLAS b-tagging calibration publication [92] introduced signal (SR) and
control regions (CR) to constrain the flavour fractions in the extraction of the b-jet efficiency
and resulted in a dramatic reduction of these uncertainties. Therefore, this strategy is also used
in this measurement. The regions are enriched for each jet flavour combination by pairing each
of the two leptons with a jet that determines whether they originated from the same top quark
decay [92]. The pairing is achieved by

.2 2
min(mj g, + mj, ), (7.2)
where jj(9) is the (sub-)leading py jet and [;(;) are the two leptons and m;,;, (mjgl]_) is the invariant
mass of the system for the jet and associated lepton [92]. Plots of the distribution for the leading

and sub-leading jets can be seen in Figure 7.6.
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Figure 7.6: Distribution of the invariant mass of the leading and sub-leading jet and lepton pair
as a function of the jet flavour. The hashed green background on the SM total is the sum in
quadrature of the difference between the up (down) and nominal background of each systematic
uncertainty and the straight black lines represent the statistical uncertainty.

In Figure 7.6(a), a discrepancy in the data-to-MC agreement is observed between the 160-380
GeV bins, albeit is consistent with unity when considering the total uncertainty. The discrepancy
appears highly correlated with the top quark mass due to observing an agreement between the
data and simulation within statistical uncertainties up to 175 GeV. Proceeding this, a sharp
increase in the disagreement is observed to be 1.1-1.2 for the 175-380 GeV bins. This could
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suggest the cause of the discrepancy originates from the inability of the dominant background
generator (dileptonic #t) to correctly replicate the number of events in data where an additional

jet is produced.

If the pairs of objects are from the same particle decay, they are expected to have similar mass
and therefore the quantity would be minimised [92]. The quantity penalises events where one
lepton-jet pair has an asymmetrically high mass and penalises combinations with two very high
invariant masses, which are unlikely to originate from top quark decays [92]. An additional
requirement on m; gy > 20 GeV was used to remove soft nearby jets and leptons, which are not
described well by MC [92].

In terms of the final MC composition, ~ 86% of the events originate from dileptonic ¢ production,
of which ~ 65% are bb. The next dominant SM background is W't associated single top production
with 8%, ~ 28% of which are bb. Diboson and Z+jets are approximately 4 and 2% respectively,
86 and 82% of which are Il respectively. W+jets production is negligible (< 0.02%). In terms
of jet flavours, the final bb composition of the total MC is ~ 60%. The non b-jet background is
dominated by light-jets and the remainder is c-jets. The predicted fraction of 7-jets is negligible.
Therefore, the dominant source of non-b-jet contributions originates from tt bl or b events i.e,
the dileptonic ¢ with a high-pp light-jet from ISR or FSR [92]. The distributions of the leading

jet pp and n for the MC background surviving the selection criteria can be seen in Figures 7.7.
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Figure 7.7: Distributions of the leading jet (a) pr and (b) n for the MC backgrounds that surpass
the selection criteria. The hashed green background on the SM total sum in quadrature of the
difference between the up (down) and nominal background of each systematic uncertainty and
the straight black lines represent the statistical uncertainty.

For the pseudorapidity observable, the MC is consistent with the predicted data within the total
uncertainty2. In terms of the pp observable, there is a downward trend between 100 and 300 GeV
suggesting the MC is over-predicting the data. When considering all systematic uncertainties,

the modelling is deemed sufficient to measure the b-tagging efficiency in bins of jet pp. The

°In this scenario, the simulation is considered to be sufficiently “modelling” the data.
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origin of the poor modelling has been suggested to possibly arise from the modelling of the top
quark [92, 132]. Using the explicit pp bins defined in Table 7.2 for the two jets, results in 45

orthogonal bins.

Bin Number | 0 1 2 3 4 5 6 7 8
Jet pr [GeV] | 20, 30] [30, 40] [40, 60] [60 ,85] [85, 110] [110, 140] [140, 175] [175, 250] [250, 600]

Table 7.2: Analysis binning for the leading and sub-leading jet p.

Examining Figure 7.6, the bb fraction is well correlated with on-shell top decays and thus, the bb
fraction is kinematically reduced beyond 175 GeV. The invariant mass of the jet-lepton system is
also uncorrelated with the b-tagging discriminants and hence why this quantity is used to define
the bb-enriched SR and the bl-, [b-, ll-enriched CRs. The explicit regions are defined as follows:

e SR - mjy;,myp; < 175 GeV, a high bb purity signal region.

e CRyy, - mj1 5, mjp; > 175GeV, a high [l purity control region.

e CRpy, - mj1; < 175 GeV, mjy; > 175 GeV, a high bl purity control region.
o CRyp - mj1; > 175 GeV, mjy; < 175 GeV, a high Ib purity control region.

The SR events are further classified as a function of the PC binned b-tagging discriminant of
the two jets, denoted as w; and wy [92]. These three classifications result in a total of 1260

orthogonal bins [92] and to assist the reader with the visualisation of the binning, a schematic

CRg_ CRLL
CReg

173 mys [GeV]

showing the definitions can be seen in Figure 7.8.
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Figure 7.8: Schematic showing the complete binning used for the b-tagging efficiency measurement.
First, split as a function of leading and sub-leading jet pr, then into signal and control regions
and finally, the signal region is a function of the b-tagging discriminant [133]. Taken from Ref
[92].

(a)

Figure 7.9 shows each flavour fraction in the respective control and signal regions for this

measurement.

Using these definitions, Figure 7.9(a) shows an overall very high bb fraction. The fraction is
at a minimum in the py 1,pp o= [20—30,20—-30] GeV bin with 17.5% before quickly rising to

~ 31% for the next py; bin and tending towards an average value of ~ 41% for the remainder
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Figure 7.9: The jet flavour fraction for the targeted fraction in each respective control region
and the signal region for the DL1r tagger.
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pr,1 bins. As both bins of jet pp increase, so does the bb fraction as expected where it reaches a
maximum of ~ 93%. Moving onto the control regions, Figure 7.9(b) shows the bl fraction in the
corresponding CR. Generally, this CR has the lowest enrichment of the flavour fractions. The
fraction is particularly low when the leading jet is above 175 GeV and is similarly very low, for
the ppq,pr 2= [20—30,20-30] GeV bin. The remaining bins, in the intermediate range of the
pr distribution, averages around 30% with a maximum of ~ 54%. The [b fraction is seen to be
particularly sensitive for leading (sub-leading) jets over 110 (60) GeV, however, although the
fractions are roughly consistent, the values are not as high, being O(30—40)% with a maximum
of ~ 42%. The lowest purity can be seen for the py o = [20,30] GeV where it is < 10%, the purity
then slightly improves for pr, = [30,40] GeV where it is < 19%. The Il fraction is observed
to peak in the three extremities of the two-dimensional binning; py ,pr o= [20—30,20—30],
P1.1,P1 2= [250—600,20—30] and pr 1,p 2= [250—600,250—600] GeV where the purity is 90%,
~ 84% and 67% respectively. The purity then decreases linearly for bins surrounding these
corners of phase-space before reaching a minimum at py ,pp o= [110—140,30—40] GeV where it
is ~ 22%.

7.4 Extraction of b-jet Tagging Efficiency

A joint log-likelihood (LLH) function is defined to use both signal and control region data to
estimate the b-jet tagging probability in Monte Carlo and the jet flavour composition [92]. The
general form of that LLH function, after dropping terms that do not depend on the parameters

to be estimated, is calculated by

N
log L (V4o é) = Vot + Z n;log vi(Viot, 6)7 (7.3)

)

where v, is the total number of expected events, O is the list of parameters to be estimated,
therefore containing both parameters of interest (POI) and nuisance parameters and v;(n;) is
the number of expected (observed) events in bin ¢ for N bins [92]. The POIs for the likelihood
fit are the b-jet tagging probability (P) which are defined per pt bin and thus, can be defined
as the conditional probability for a b-jet with a pp falling in one of the nine pp bins (T for
m=1,...,9) defined in Table 7.2 to have a b-tagging discriminant w falling in one of five PC
bins (Ok for k=1,...,5.) [92]. From this, the b-jet tagging efficiency (termed b-efficiency, ¢;,)
for a single-cut OP point, X, in a jet pp bin T, relates to the POIs [92] by

Q(XIT™) = 3 BOMT™). (7.4)
ofcx

Having measured the b-efficiency for simulation (ell:/lc) and one already knowing the b-efficiency

in data (ebdata), scale factors can be calculated to correct the measured MC b-efficiency by
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m 6(gata()QTm)
SF(X|T™) = FiCsern (7.5)

In each CR, the number of events in a specified pr 1, pr o bin (T™,T") is written as the sum of
the flavour fractions (") adjusted by a correction factor (c"" for i = bb,bl, b, 1) which forms

the nuisance parameters [92];

ver(T™,T") = > A (7.6)
i for i—bb,lb,bl,ll

Equivalently, the number of events expected in the SR can also be defined by additionally
considering the b-tagging discriminants of the two jets with the pp bins [92]; py 1, pra, wy, wy
(T, ™, oF, 0P ) which is calculated by

vsr(T™, T", 0%, 07) = ey vy, - Po(OF|T™) - Py (OP|T™)
+ oy " VSR b - Py(OF|T™) - P (OP|T™)
+ eV, - PUOT™) - Py (OPT) (7.7)
+ Mg - PO |T™) - P (OP|T™),

where P, is the effective b-jet tagging probability for ¢- and [-jets predicted by simulation in a
given pr bin. All the POIs and correction factors are estimated as free parameters by minimising
the negative LLH function defined in Equation 7.3 using the MINUIT algorithm [134].

7.5 Uncertainties

This section will summarise the methodology of how all statistical and systematic uncertainties

impacting the measurement were evaluated.

7.5.1 Method-related

One assumption when deriving the likelihood functions of Equation 7.3 is that the b-tagging
discriminant w of a b-jet only depends on the p bin. In practice, this is not completely true
because of different kinematic effects of the leading and the sub-leading jets within a specific
pr bin. To evaluate the impact of this assumption on the measurement, data generated with a
known flavour composition, termed pseudo-data, is used in the measurement for a test scenario.
The pseudo-data is created using the nominal generators for the SM background expectation
and the uncertainty is derived by fluctuating a Poisson distribution. The b-efficiency is measured

and the results of this test are shown in Figure 7.10.
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Figure 7.10: Results of the measurement when the nominal simulated processes are used as
pseudo-data for the DL1r tagger at a 70% OP.

A deviation from unity with a maximum of 0.05% is observed in the scale factors as a function
of pp. However, the deviations are always much smaller with respect to the Poisson uncertainty
originating from limited data statistics. The impact on the results is therefore negligible and a

non-closure uncertainty originating from the method is not justified by this test.

Another test designed to estimate the dependency of the b-tagging efficiency extraction method on
the MC background, called the stress test, is performed. This test creates two sets of pseudo-data
using the nominal t¢ MC and an alternate ¢t simulation generated with SHERPA® respectively.
Again, the statistical uncertainty is fluctuated according to a Poisson distribution to replicate
real data statistics. The SHERPA generator is chosen as the alternate ¢t process for three reasons;
firstly it creates a known inconsistency between pseudo-data and MC background in the likelihood
function, secondly, it is not used in the estimation of the ¢ theoretical uncertainties and finally,
the SHERPA generator configuration includes processes with more than one additional parton in
the matrix element. Therefore, one naively expects an increase in the accuracy of the modelling of
the additional light jet kinematics. The two models are then fitted to the nominal MC background
expectation and the measured ¢, is compared with the true b-tagging efficiency obtained from

using the nominal MC, elt,rmh. The results of this test can be seen in Fig. 7.11.

The alternate model is consistent with the nominal model within the statistical uncertainties
and follows the trend of the central values throughout the pr distribution. It is therefore said
that the likelihood fit behaves as expected and no additional non-closure uncertainty is needed

from this test.

7.5.2 Statistical Data

The data statistical uncertainties in the b-jet tagging probabilities and the bin-to-bin correlations
are obtained from the error matrix returned by MINUIT and propagated to the measurement

via a basis transformation [92]. The uncertainties are correlated with the various parameters

*More details on the alternate & MC generator can be seen in Table 7.1.
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Figure 7.11: Results of the stress test showing the comparison of ¢, with the ezrmh for the nominal

and an alternate tt MC generator used as pseudo-data for the DL1r tagger.

because of the usage of two-dimensional pp bins (7", T") and the conservation of probability

for the b-tagging discriminant density function ([ e,(w)dw = 1).

To correctly obtain a consistent set of uncorrelated data statistical uncertainties, principal
component analysis (PCA) is used [135]. The error matrix is diagonalised and the data statistical
uncertainty is split into 36 uncorrelated components, originating from the nine p bins (NpT =9)
and the number of b-tagging discriminant bin related to probability conservation (N, — 1 =4).
The total data statistical uncertainty for a specified parameter is obtained by summing in

quadrature the 36 components.

The data statistical uncertainty has a maximum impact of 2.5%. At pp ~ 70 GeV, the
uncertainty is at a minimum with an impact of ~ 0.5%. The data statistical uncertainty
only significantly impacts the precision of the measurement at high pp because of systematic

uncertainties dominating at low pr.

7.5.3 Theoretical

The remaining systematic uncertainties are assessed by deriving the b-efficiency measurement
using the same procedure, but the simulated processes include +1¢ variations on parameters
related to the uncertainty and comparing the outcome of the varied measurement to the nominal

measurement.

Top quark - There are several sources of uncertainty in the ability to correctly model the
top quark decay in simulated events that affects both ¢ and single top processes. The par-
ton shower and hadronisation generator are varied from PYTHIA 8 to HERWIG 7, both inter-
faced to the POWHEG matrix-element generator. ISR and FSR are varied using the nominal
POWHEG+PYTHIA8 A14 tune [136] and POWHEG+PYTHIAS. For uncertainties related to the
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proton structure, the parton distribution functions (PDF) are varied following PDF4LHC recom-
mendations [137]. An additional uncertainty is considered for the interference between single
top (Wt) and ¢t production by adjusting the nominal generator with the diagram removal (DR)
scheme to the diagram subtraction (DS) scheme for single top production [138]. The quadrature
sum of the ¢t (single top) modelling uncertainties ranges from ~3.2(2.4)% at low pp, down to
0.8(1.8)% at high pp. The constraining of the flavour fractions in the fit assists in constraining
the parton shower and hadronisation uncertainties, particularly at low pp. The t¢ (single top)
modelling is dominated at low pp by PDF (parton shower and hadronisation) uncertainties, while
at high pp the choice of parton shower and hadronisation model and the DR vs DS schemes for

single top also significantly contributes.

Z+jets and diboson - The modelling of diboson and Z+jets simulated events is evaluated by
varying the total cross section and factorisation and renormalisation scales as well as varying the
PDFs. The total cross section remains constant when varying the scale and PDF, such that only
kinematic distributions are impacted [92]. The diboson modelling uncertainties are negligible for
almost the entire pr range. Z+jets modelling uncertainties are significant in the [20, 30] GeV jet

pr bin being ~ 2.4%.

7.5.4 Experimental

Uncertainties related to the imperfect understanding of the detector and the inability to perfectly

model physics in data are considered and these are listed explicitly in this section.

Jet Reconstruction - Has several components that contribute to significant uncertainties in
the measurement. The jet energy scale (resolution) (JES, JER) [118] of hadronic jets includes
both the modelling of the detector response and the analysis techniques used to derive the
calibration [92]. The impact of the JES calibration is assessed by evaluating a +10 variation
with respect to the calibration prediction. This results in a (sub-)dominant uncertainty in the
[20, 30] GeV ([30,40] GeV) jet pr bin with an impact of ~ 5% (~ 2%). The impact of the JER
uncertainty is evaluated from +1o¢ variations in the detector reconstruction for jets. The JER
uncertainty is the largest systematic uncertainty in the [20,30] GeV jet pp bin with an impact of
~ 5.5%. Therefore, both the JES and JER are dominant uncertainties in the lowest pr bins of
the calibration. Thirdly is the jet vertex fraction efficiency [139], which is negligible.

c/l-jet tagging efficiencies - Light-jet and c-jet mis-tagging efficiencies [140] [141] impact
the measurement. The uncertainty originating from light-jet tagging efficiencies is negligible,
whereas those originating from c-jet tagging is a sub-dominant uncertainty in the two lowest pr

bins ranging from ~ 2.2% down to ~ 0.9%.

Lepton reconstruction - The electron and muon energy/momentum scale, resolution, identi-

fication, isolation and trigger efficiencies are taken into account. For electrons also the recon-
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struction efficiency is considered and for muons only, the track-to-vertex association efficiency is

considered. These uncertainties are negligible.

Remaining - Pileup modelling is non negligible only in the lowest pr bin, reaching typically
~ 0.9%. The uncertainty for background processes with fewer than two prompt leptons (fakes) is
evaluated directly from data contributions from events with non-prompt leptons (ONPL) and one
non-prompt muon (1INPmu), which are negligible and therefore directly taken from MC without
additional uncertainties. The data-to-MC agreement for the one non-prompt electron component
(INPel) is assessed in a region enriched in misidentified leptons by requiring two same-charge
(SC) leptons instead of opposite charge (OC). After subtracting the remaining zero non-prompt
components from data based on MC predictions, the data-to-MC ratio is extracted in three bins
of electron pr ([28—150,150—300, 300—00] GeV) and used as scale factors to reweight the 1NPel
component to correctly predict it in the OS region. The 1NPel scale factors are not applied
for the nominal results but only for systematic evaluation. The impact of the measurement in
the lowest pr bins (20-100 GeV), up to ~ 0.9% in all OPs, however, becomes negligible beyond
80 GeV.

7.6 Results

7.6.1 Goodness-of-fit

To evaluate the agreement between the data and Monte Carlo as well as the goodness-of-fit, a
Pearson’s global X2 test is computed and compared to the number of degrees of freedom (Ny.)
of the fit. This test confirms that the remaining differences between the observed and expected
post-fit yields originate only from the limited size of the dataset [92]. One should note that
this estimator accounts only for data statistical uncertainties and neglects any other sources of

uncertainty.

Because the minimisation procedure is implemented as the simultaneous minimisation of several
likelihood functions, each of them being defined for a specific pp bin (7", T") and SR/CR bin,
the global X2 is defined as the sum of Pearson’s X%R7 X%}R estimators computed in each (T, T")
bin [142] calculated by

(il 2 e 2
X%R(va Tn) = E st Ll K and X%R(Tma Tn) = E ( CR CR) ) (78)
Vg Vcor
olex SR CR

where the notations follow the conventions introduced in Section 7.4. The final estimators can

then be written by

XQ(Tm7 Tn) = Z [X%R(Tm7 Tn) + XéR(va Tn)] . (7'9)

7
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The number of degrees of freedom (Ng.¢) for the final simultaneous fit is computed as the sum of
the Ny of the fits bound to each likelihood presented in Section 7.4, minus the number of POIs
and nuisance parameters (©), calculated by

2
Ngof = N, - N, + N - Ncr — Nk‘Nfl,fQ —NpT (N, — 1), (7.10)
\W—/ \—v—/ - _ /
SR CRs Correction factors POIs

where N, is calculated from

N, - (N, +1
N, = ¢ (ZPT ). (7.11)

Using N, = 9 in the equation for Ni, results in N} = 45. Consequently with Ny » = 4,
originating from the four different flavour fractions (bb, bl, (b and Il), and N,, = 5, results in
Nyop = 1044(1260) post-fit (pre-fit). The nominal measurement then has a x?/Ngop of 1.01 (1.26)
post-fit (pre-fit), therefore the data-to-MC agreement improves post-fit and with a corresponding
post-fit p-value of 0.404, it confirms the strong agreement between the data and simulation. To
further investigate where the remaining significant data-to-MC disagreements originate, if any,

the X2 percentage as a function of the jet pp bins (7", T") is used, which is calculated by

2 m n 2 m n
m mn (T 7T )+XCR<T 7T )
%) (T, T") = X5B _ACE . (7.12)
° AT

Given that N, = 45, it is expected on average Equation 7.12 would be = 1/45 ~ 0.022 in the
scenario the (dis)agreement between the data and MC is uniform across all pp bins. Figure 7.12

presents the %(Xz) for the DL1r tagger.
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Figure 7.12: Percentage of x* in each jet p bin (I"™,T") pre-fit (post-fit) in black (red) for the
DL1r tagger.

Some significant spikes in this distribution post-fit are observed, for example, in the bin (p 1,
pr2)= [140—175,140—175] GeV with bin value 0.038%. The remaining values range from 0.011%
t0 0.034%. This is an additional indicator of sufficient agreement between the data and simulation

and that the fit is behaving correctly.
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7.6.2 Correction Factors

The flavour fractions are constrained in the LLH fit as a function of the leading and sub-leading

jet pp. Figure 7.13 presents the correction factors as a function of the jet pp bins.

S‘ LUL) S' T T T T T bL)
250-600 : 250-600 g
3 L Vs =13 TeV, 139.1 fb™, DL1r s & L Vs =13 TeV, 139.1 fb™, DL1r e
T 175250 2 T 175250 2
Q.'- — o Q..- — [3)
140175 a 140-175 8
L - +
110-140 110-140 o
85-110 . Postfit 85-110 . Postfit
60-85 60-85
40-60 40-60
30-40 30-40
20-30 20-30
gy gy 905, S0.g5 gy, 110‘140140.175175‘250250‘600 2.3, 045 Y05y 085 8574, 0, 40140‘175175‘250250.600
Pr.feeV] Y
(a) bb (b) bl
S‘ T T T T T 2 % S' T T T T T L(/L)
250-600 : 250-600 .
3 L Vs =13 TeV, 139.1 o™, DL1r 185 & L Vs =13 TeV, 139.1 fb™, DL1r -
—_ " - —_ E
~ 175-250 16 .0_; « 175-250 2
o — T a o [ 38
140-175 1.4 o 140-175 ©
- 4y L +
110-140 22 110-140 =
85-110 . Postfit 85110 . Postit
60-85 60-85
40-60 40-60
30-40 30-40
20-30 20-30
D30 g0 W6g g5 37, 110,14, 190.4, 175,55 2506, D39 g9 W06y g5 553z, 104,190,415 175.55 2504,
Py, GeV] Py, [GeV]
() Ib (d) 1l

Figure 7.13: Each (post-fit) flavour correction factor is a function of the leading and sub-leading
jet pp for the DL1r tagger.

The bb fraction not only has most central values near unity but it is also the flavour with the
greatest level of uniformity across the two jet pp bins. The bl fraction shares a similar pattern
however for pp; > 250 GeV, the majority of pr 5 bins are of the O(0.5) except for the highest
pr bin, where it is of the order of unity and (py 1, pr2)= [250—600, 175—-250] GeV where there
is a spike of 1.844. The [b fraction is still somewhat uniform, albeit with central values closer to
1.2 and shares some large deviations away from unity in large pp bins, as observed with bl too.
The [l fraction shares a similar pattern to (b, however, the average is closer to 1.2. Even though
there are spikes in the flavour fractions, typically at high p bins, overall the correction fractions

are close to unity and, especially for of the bb fraction, are well constrained.

7.6.3 Single-cut b-jet Tagging Efficiency Measurements

The POIs of the fit that correspond to the calibration of the so-called pseudo-continuous OPs,
defined in Ref. [92] and mentioned in Section 7.4, are (100%-85%, 85%-77%, 77%-70%, 70%-60%,
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60%-0%) and the results from these measurements will be presented in Section 7.6.4. The
single-cut OP calibration that uses 85%, 77%, 70% and 60% fixed b-jet tagging efficiency is
deduced by adding the relevant POI b-efficiency and by changing the basis of the correlation
matrix returned by the fit. The results from this single-cut OP calibration will be discussed in
this section. The final b-efficiency measurement and the corresponding data-to-MC scale factors

for the DL1r tagger and the 70% cumulative OP are presented in Figure. 7.14.
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Figure 7.14: Measured b-jet tagging efficiency and corresponding data-to-MC scale factors for
the DL1r tagger and 70% single-cut OP. Vertical error bars include data statistical uncertainties
only, whereas the green band corresponds to the sum in quadrature of all uncertainties.

The OP definition, the NN training and the tracking performance of the ATLAS detector shape
the performance of the b-efficiency as a function of pp. For the DLI1r tagger and the 70%
cumulative OP, it ranges from 59% to approximately 76%. It smoothly increases to reach a
plateau at pp ~ 80 GeV. It drops slightly starting from pp ~ 250 GeV. When taking the
ratio of the data-to-MC b-efficiency, the scale factors for each bin are compatible with unity
within the total uncertainty band across the entire pp range. In all but the lowest and highest
jet pr bins ([20—30,250—600] GeV) the scale factors are consistent with unity within the
data statistical uncertainty, suggesting good modelling of the b-jet tagging performance by the
algorithm. The related data statistical, total systematic and total uncertainties, are presented in
Figure 7.15 for the measurement. Similar plots for other taggers and OPs, including those for

the pseudo-continuous calibration, are available in Appendix B.2.

The total uncertainty in the measurement ranges from ~ 7.5% at low p, down to about 1.25%
at pp ~ 100 GeV and increases again at high pt to reach about 2.5%. Systematic uncertainties
dominate up to pp ~ 200 GeV. The dominant systematic uncertainties include jet energy
scale and resolution, modelling of ¢t and single top events (PDF/ISR/FSR, parton shower and
hadronisation). In the first two pp bins, various other contributions originating from pileup
reweighting and c/l-jet mis-tagging. The dominant systematic uncertainties, including the
contribution from each nuisance parameter to the uncertainty group for the calibration of the
DLI1r tagger with a 70% cumulative OP, are presented in Figure 7.16. At high py, the data

statistical uncertainty becomes dominant.

A breakdown of all systematic uncertainties for the 70% OP for the DL1r can be seen in Table 7.3,
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Figure 7.15: Data statistical (blue), total systematic (green) and total uncertainty (black) in the
b-jet tagging efficiency measurement for the DL1r tagger.

where the systematics are grouped into their respective categories. All the remaining single-cut

OP and taggers can be found in Appendix B.2.

Grouped Uncertainty / pp [GeV] 20-30 30-40 40-60 60-85 85-110 110-140 140-175 175-250 250-600

Jet Energry Resolution 534 0.87 049 0.53 0.37 0.15 0.14 0.28 0.28
Jet Energry Scale 494 216 029 0.18 0.27 0.11 0.17 0.26 0.25
tt PS+Hadronisation+PDF 247 099 071  0.50 0.71 0.94 0.73 0.67 0.61
Z+jets Cross section+PDF 234 075 004 025 0.04 0.11 0.01 0.05 0.22
Flavour Tagging 226 0.8 028 0.10 0.09 0.12 0.05 0.10 0.23
tt ISR+FSR 1.80 1.02 046 0.40 0.30 0.60 0.33 0.28 0.46
Single top PS+Hadronisation+PDF  1.74  0.63  0.53  0.29 0.13 0.05 0.04 0.04 0.05
Single top ISR+FSR~+Interference 174 071 056 0.74 0.54 0.46 0.54 0.45 1.56
Pileup Reweighting 1.41 013 0.11 0.03 0.05 0.04 0.03 0.05 0.01
Lepton Reconstruction 0.88 0.27 0.13 0.07 0.06 0.06 0.03 0.03 0.07
Fake leptons modelling 0.75 047 045 0.05 0.06 0.10 0.06 0.04 0.06
V'V Cross section+PDF 0.14 041 0.21  0.08 0.06 0.07 0.02 0.03 0.10
Remaining 0.02 0.01 0.01 0.00 0.01 0.02 0.01 0.00 0.01
Total Systematic Uncertainty [%] 9.07 3.18 141 1.20 1.07 1.24 1.00 0.95 1.81

Table 7.3: Tabular breakdown of the percentage uncertainties summed in quadrature into
physically-motivated groups for the DL1r tagger for a 70% operating point.

All uncertainties introduced in Section 7.5 that are not included in Table 7.3 are negligible and
therefore removed from the table. The lowest pp bin has the largest total systematic uncertainty,
where the largest contributor to that is the JER (5.34%). The next dominant systematics in the
lowest pp bin, in descending order, are JES (4.94%), tt modelling (2.47%) and Z+jets modelling
(2.34%). The next pt bin ([30,40] GeV) has the second-largest total systematic uncertainty.
The three main contributors to this, with more than 1% uncertainty each and in descending
order again, are JES (2.16%) and ¢t initial and final-state radiation (1.02%). Proceeding this
pr bin and going towards the highest pp bin, the total systematic uncertainty ranges between
~ 1.0 — 1.8%. Diboson modelling and JVT efficiency-related uncertainties are almost-negligible.

The uncertainties for differing OPs follow similar behaviour and are of a similar magnitude.
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Figure 7.16: Dominant systematic uncertainties in the b-jet tagging efficiency measurement for
the DL1r tagger and 70% cumulative OP. The impact of (a) jet energy resolution, (b) jet energy
scale, (¢) tt modelling, (d) single top modelling, (¢) Z+jets modelling and (f) c-jet mis-tagging
as a function of jet pp are shown.
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7.6.4 Pseudo-continous b-jet Tagging Efficiency Measurements

The measurement of the b-jet tagging probabilities in the DL1r algorithm discriminant bins
was also performed. An example of the results for the pp bin [110, 140] GeV along with the
corresponding data-to-MC scale factors can be seen in Figure 7.17. All b-jet tagging probabilities
and data-to-MC scale factors for each of the remaining p bins can be found in Appendix B.2.
The [110, 140] GeV pr range was chosen to demonstrate the measurement because, as observed
in Figure 7.15, jets with pp of this magnitude are in an optimal region of being not too low pt
that the systematic uncertainties are high but not too high pp that there are limited data events

in the region resulting in a high statistical uncertainty.
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Figure 7.17: Measured b-efficiency for 1t Monte Carlo and corresponding data-to-MC scale factors
as a function of pseudo-continuous discriminant bins for the pp range [110,140] GeV and the
DL1r tagger.

All scale factors are of the order of unity within the total uncertainty band. The breakdown of
the uncertainties for each b-tagging discriminant bin can be seen in Table 7.4. Again, the tables

corresponding to the remaining pp bins can be found in Appendix B.2.

The PC operating point with the largest total systematic uncertainty, as can be seen in Figure
7.17, is the [100, 85]% bin, where it is O(£10%). Theoretical t¢ uncertainties dominate the bin,
shortly followed by theoretical single top uncertainties and jet modelling. The remainder of the
total systematic uncertainty for each PC operating point ranges from ~ 0.8% to ~ 1.3% with ¢t

modelling dominating.

Before ATLAS physics analyses use the derived scale factors, these results are smoothed and
extrapolated into a high pp range with the number of uncertainties reduced while preserving
bin-to-bin correlations [92]. These scale factors are then applied to physics analyses (such
as Chapters 8-9) by correcting the b-jet tagging response in MC and applying the associated

uncertainties to the correction [92].
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Grouped Uncertainty / wq, wy 100-85% 85-77% 77-70% 70-60% 60-0%
tt PS+Hadronisation+PDF 7.48 0.52 0.75 0.85 0.95
tt ISR+FSR 4.711 0.44 0.39 0.58 0.60
Single top ISR+FSR+Interference 3.70 0.23 0.47 0.36 0.47
Jet Energry Resolution 1.08 0.18 0.44 0.11 0.17
Flavour Tagging 1.06 0.20 0.09 0.12 0.12
Jet Energry Scale 1.00 0.23 0.32 0.21 0.12
Z+jets Cross section+PDF 0.90 0.05 0.15 0.11 0.12
Fake leptons modelling 0.89 0.08 0.21 0.10 0.10
V'V Cross section+PDF 0.61 0.07 0.06 0.08 0.07
Lepton Reconstruction 0.51 0.06 0.06 0.06 0.06
Single top PS+Hadronisation+PDF 0.43 0.12 0.03 0.09 0.05
Pileup Reweighting 0.34 0.09 0.02 0.04 0.04
Remaining 0.13 0.01 0.01 0.02 0.02
Total Systematic Uncertainty [%] 9.88 0.83 1.15 1.15 1.26

Table 7.4: Tabular breakdown of the percentage uncertainties joined into physically-motivated
groups for the DL1r tagger for the pp range [110,140] GeV.

7.7 Conclusion

This chapter presents the results from the calibration of the DL1r b-tagging algorithm for
jets reconstructed with the ParticleFlow algorithm and using the Run 2 dataset collected by
the ATLAS experiment at /s = 13 TeV. Scale factors relating the efficiency of the b-tagging
algorithm in data to the efficiency measured in Monte Carlo are all observed to be compatible with
unity when considering all systematic and statistical uncertainties. The calibration is performed
for a series of fixed b-tagging efficiency operating points and a series of pseudo-continuous bins of
the DL1r discriminant distribution(s). The dominant uncertainties throughout the results are
related to the reconstruction of jets and the theoretical understanding of the ¢t and single top

processes.
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Chapter 8

Search for Gluino Pair Production
With Multiple b-jets

If R-Parity Conserving (RPC) supersymmetry (SUSY) were to exist, gluino and squark production
would dominate at the Large Hadron Collider (LHC) [143]. This chapter searches for pair-produced
gluinos decaying into third-generation squarks and the LSPs, where the LSP is assumed to be
the lightest neutralino ()2(1)), a linear superposition of the superpartners of the neutral electroweak
and Higgs bosons. This translates to final states with high b-jet multiplicity and a large amount

of missing transverse momentum (E1 ).

8.1 Multiple b-jets+ Ex"

The spectrum of the squark masses determines the flavour structure of the final-state quarks
[38]. Since the first and second generations are expected to be much heavier than the third",
gluinos will dominantly decay into top or bottom squarks via § — #t or § — bb (the so-called
Gtt and Gbb signals Figures 8.1(b) and 8.1(a) respectively) [144]. Each stop (sbottom) is then
assumed to decay via £ — t%) (b — by}), or to a bottom (top) quark and the lightest chargino
via t — b)ﬁc (l; — tfdc) resulting in a three-body decay. In the latter instance, the chargino is
assumed to subsequently decay to the LSP and Standard Model fermions by an off-shell W-boson;
)ﬁc — )Z?(Wi — ff/) (the so-called Gtb signals in Figure 8.2). The mass splitting between
the chargino and the LSP is assumed to be small and hence nearly degenerate, such that the
additional fermions f and f’ are very soft and effectively invisible in the final state. These decays
dominate when either the LSP is a higgsino or when squarks of the first two generations are
heavy as per this instance [38]. The masses of the SUSY particles not involved in these processes

are set to very high values.

The search is optimised for the discovery of the Gbb, Gtt and Gtb simplified models that each

assumes a 100% gluino branching ratio. The simplified models are defined as follows:

TAl squarks are set to 5 TeV in these models because all squark masses can be as heavy as 5 TeV without
significant fine-tuning [7]
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(a) Gbb (b) Gtt

Figure 8.1: The decay topologies in the (a) Gbb and (b) Gtt simplified models.

o “Gtt” - Br(§ — £,t%)) = 100%.
e “Gbb” - Br(§ — b;b%}) = 100%.

e “Gtb” - Br(g — fltfg(l)) + Br(g — I;lbf((l)) + Br(g — flb(ti)l))z(l)) = 100%. For the process
g— flb(ti)l))ztl), only one gluino can decay to tt or (i)b) as shown in Figure 8.2.

The results are also interpreted where each gluino in a single event is allowed to decay to tf)z(f, bbf((l)
or thyy / thxi to set 95% confidence limits on the gluino mass in the Br(Gtt)—Br(Gbb)—Br(Gtb)

plane for a specified LSP mass.

The )2(1) interacts only weakly, resulting in final states with substantial missing transverse
momentum of magnitude ET 55 The Gtt and Gbb signatures consist of large Ep iss, and four
energetic b-jets. To achieve high signal purity, at least three of the four required jets must be
identified as b-jets (b-tagged). This requirement is highly effective in rejecting top pair production
events, which constitute the main Standard Model background in this analysis, and which contain
only two b-jets unless they are produced with additional heavy-flavour jets. Additionally, the Gtt
experimental signatures contain four W bosons originating from the top quark decays t — Wb.
Each W boson can either decay leptonically (W — Iv) or hadronically (W — ¢¢’). A Gtt event
can therefore contain as many as 12 jets in the final state originating from the decay of the top

quark, or isolated charged leptons.

This chapter will present the results using the Run 2 dataset recorded by the ATLAS experiment.
The search for pair-produced gluinos decaying to multiple b-jets and large ET™ has been
previously performed using 36fb ' of data, corresponding to data periods of 2015 plus 2016 and
79fb_1corresponding to 2015, 2016 and 2017, both used a cut-based single bin approach and a
multi-bin fit strategy [1]. No statistically significant excesses were observed so the largest 95%
CL exclusion limits on each of the Gtt and Gbb signal processes can be seen in Figure 8.3. The
largest observed gluino mass limit for 1 GeV LSP is ~2.25 TeV for the Gtt signal and the LSP

mass limit is ~ 1.2 TeV for a gluino mass of 2.15 TeV.
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Figure 8.2: The decay topologies allowed for the Gtb simplified model.
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Figure 8.3: Exclusion limits in the §}-§ mass plane for the (a) Gtt and (b) Gbb models obtained
from the multi-bin strategy from the 79.8fb™"! version of the search [1]. The dashed and solid
bold lines show the 95% CL expected and observed limits, respectively.
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8.2 Object Definitions

This section will define the reconstructed physics objects used in this, and the subsequent search
chapter. Two types of objects are considered; baseline and signal. Baseline (signal) refers to a
looser (tighter) series of selection requirements for a specified object, such as the isolation criteria

or the pr of the object.

Jets - Jets are reconstructed with the anti-k, algorithm using R~ = 0.4 with the jet energy and
mass scale calibration and are calibrated at the electromagnetic scale. Jets reconstructed with
this radius are typically referred to as small-radius jets. Baseline jets must have pp > 30 GeV
and |n| < 2.8. To suppress pile-up jets, the “medium” JVT requirement and JVT 2 0.59 are
applied to jets in the range 20 < pp < 120 GeV and |n| < 2.4. While for jets in the range
2.4 < |n| < 2.5, they must have JVT 2 0.11. The MV2 algorithm is used to b-tag jets with
pr > 30 GeV and |n| < 2.5. Several operating points, corresponding to approximate efficiencies
in tt of 70%, 77% and 85%, were analysed in the previous iteration of this analysis [1]. The 77%
efficiency point was found to be optimal for most points of the signal model parameter-space and
is considered nominal in the following results®. This OP corresponds to an efficiency of 77.60%

for b-jets and to a rejection factor of 4, 15 and 109 for c-jets, 7-jets and light-jets respectively.

Large-radius jets are created using small-radius jets passing the overlap removal procedure,
which are used as inputs for further jet (re-)clustering [145] by using the anti-k; algorithm with
R = 0.8. The calibration from the input small-R jets propagates directly to the re-clustered
jets. These re-clustered jets are then trimmed by removing sub-jets (i.e., the constituent small-R
jets) whose pr falls below 10% of the pt of the original re-clustered jet [146, 147]. The resulting
large-R jets are selected by requiring them to have pp > 100 GeV and |n| < 2.0. When it is not

explicitly stated otherwise, the term “jets” in this thesis refers to small-R jets.

Leptons - The choice of the lepton isolation and overlap removal settings target an improved
reconstruction of leptonic boosted top quarks. Baseline electrons must pass the loose likelihood
identification criteria and contain B-layer hits (LooseAndBLayerLLH), have pp > 20 GeV,
In| < 2.47, |sq,| < 5 and zysin < 0.5mm. Signal electrons must pass the medium likelihood
identification criteria and be isolated using the Fixed cut Loose requirement. Baseline muons
must pass the medium identification and to have pp > 20 GeV, |n| < 2.5, [s4 | < 3 and
zpsinf < 0.5mm. They also require dg > 0.2 mm or |zp| > 1 mm to suppress muons coming from

cosmic rays. Signal muons must be isolated using the FixedCutTightTrackOnly requirement.

Both the muon and electron definition choices were optimised in the previous iteration of this
search [1]. In this search, all lepton vetoes are implemented using the baseline definitions,
whereas leptonic selections use the signal definitions. Because of the difficult reconstruction of
the 7-lepton, only electrons and muons are treated as leptons and taus are reconstructed as jets

instead.

*While the optimisation occasionally favours the 85% OP, the 77% OP is not significantly worse, and presents
some advantages in terms of the background estimation because of the enhanced purity of the b-tagging.
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Resolving Overlapping Objects - Overlaps between candidate objects are removed sequen-
tially. Firstly, electron candidates that share a track with a muon candidate are removed to
suppress contributions from muon bremsstrahlung. Overlaps between electron and jet candidates

are resolved next, and finally, overlaps between remaining jets and muon candidates are removed.

Overlap removal between electron and jet candidates removes jets that are formed primarily
from the showering of a prompt electron and electrons that are produced in the decay chains of
hadrons. Consequently, any jet whose axis lies AR < 0.2 from an electron is discarded. Electrons
with Er < 50 GeV are discarded if they are within AR < 0.4 of the axis of any remaining jet
and the corresponding jet is kept. For higher- Ep electrons, the latter removal is performed using
a threshold of AR = min(0.4,0.04 + 10 GeV/pr) to increase the acceptance for boosted events.
This pr dependent requirement provides high lepton selection efficiency in the high-pt regime,

where b-jets and leptons originating from top decays become collimated.

The overlap removal procedure between muon and jet candidates is designed to remove those
muons that are expected to have originated from the decay of hadrons and to retain the
overlapping jet. Jets and muons may also be detected in close proximity when the jet results from
high-pp muon bremsstrahlung, and in such instances, the jet should be removed and the muon
retained. These jets are characterised by very few matching inner detector tracks. Therefore, if
the angular distance AR between a muon and a jet is lower than 0.2, the jet is removed if it
has fewer than three matching inner detector tracks. After resolving overlaps with electrons and

muons, selected jets must satisfy the stricter requirement of pp > 30 GeV.

EF'5 _ The missing transverse energy (E+"®) in the event is defined as the magnitude of the
negative vector sum pr of all selected and calibrated physics objects in the event (the baseline
jets, electrons and muons, after overlap removal and application of the JVT threshold), with an
extra term added to account for soft energy if it is not associated with any selected object. This
soft term is calculated from inner detector tracks matched to the primary vertex to make it more

resilient to pile-up contamination.

8.3 Monte Carlo Simulation and Event Selection

In previous iterations of the search, ¢t production was found to be the dominant SM process in
most signal regions [1]. For this reason, tf is normalised with dedicated CRs and the remaining
backgrounds - single top production (single top), W (Z)-boson production in association with an
ISR jet(s) (termed W (Z)+jets), the production of a vector boson pair (named diboson, V'V'), rare
top processes (ttV, ttH, tttt), are all estimated directly from MC simulation. The remaining SM
process expected to contribute to regions where leptons are absent, is multiple jets originating
from QCD interactions between colliding partons (termed multi-jet). Multi-jet events are the
most commonly produced events in LHC collisions. Two incoming partons scatter to create a
high-p jet pair (di-jet), and additional jets may be generated via hard gluon emissions or gluon

splittings [148]. Because of the difficultly of simulating QCD events, the multi-jet background is
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estimated with a data-driven method. A kinematic correction is also applied to the one-lepton

regions because of a disagreement in the data-to-MC ratio for several analysis observables.

8.3.1 Discriminating Variables

To enhance the sensitivity to the various signal processes, the signal and control regions (SR, CR)

are defined using the following discriminating variables. The effective mass (myg) is calculated by

meg = Z Fee > et + BE (8.1)
j

where the first and second sums are over the selected jets (Nj;) and leptons (Nyepon), respectively
[143]. SM backgrounds are expected to have smaller values of m.g because of their smaller (real)
Emlss and lower jet multiplicity as opposed to RPC SUSY events that contain large ET from
the undetected LSPs. In regions with at least one selected lepton, the transverse mass (mr) [149,

150] composed of the pr of the leading selected lepton (¢) and Ep 55 is defined as,

me = /20 ER {1 — cos[Ap(F™, )]} (8.2)

It is used to reduce the ¢t and W +jets background events in which the W boson decays leptonically.
The my distribution for these backgrounds has an upper bound corresponding to the W boson
mass and typically has higher values for Gtt events. Additionally, the minimum transverse mass

formed by ET 5 and any of the three highest-pp b-tagged jets in the event is used;

m?r Ijrit; = mln (\/2pb JQt’Emlss{l — cos[Ap(p _mlss, _ﬁ, et )}}) . (8.3)

The mbeljneltIf distribution has an upper bound corresponding to the top quark mass for semi-
leptonic tt events, while peaking at higher values for Gbb and Gtt events. Another discriminating

variable is the sum of the four highest py large-radius jet masses, defined as the following;

where m ;; is the mass of the large-radius re-clustered jet i in the event. The decay products of a
hadronically decaying boosted top quark are reconstructed in a single large-radius re-clustered
jet, resulting in a jet with a high mass. This variable typically has larger values for Gtt events
than for background events because Gtt events contain as many as four hadronically decaying

top quarks, while ¢t events dominate the background.

The requirement of a selected lepton with the additional requirements on EX"*, and remaining

event observables described in this section, results in the multi-jet background being negligible
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for regions with at least one lepton. For the zero-lepton signal regions, the minimum azimuthal

S

angle Agbﬁfin between ﬁ%ﬁ ® and the py of the four leading small-R jets in the event, defined as,

47 .
Agbrr{in = I111<1}11 (|¢jeti - QSI;{FiSSD ’ (85)

is required to be greater than 0.4. This requirement suppresses the multi-jet background, which
can produce events with large B i8S if jets are poorly measured or neutrinos are emitted close to

the jet axis.

8.3.2 Data and Simulated Events

This analysis uses the ATLAS Run 2 dataset from data-taking periods 2015, 2016, 2017 and
2018, resulting in 139.9fb " of integrated luminosity. Events must have a reconstructed primary
vertex with at least two associated tracks with pp > 0.4 GeV, consistent with the beamspot
envelope. If multiple primary vertices are reconstructed, the one with the highest sum of the p%
of the associated tracks is selected as the primary vertex [151]. Additionally, the dataset must
satisfy all detector and data event cleaning requirements and the GoodForPhysics requirement.
A E¥ trigger with thresholds of 70 GeV, 100 GeV and 110 GeV at the HLT level for 2015,
early 2016 and late 2016, 2017 and 2018 datasets, respectively, is also required. These triggers

are fully efficient for events passing the preselection.

The dominant Standard Model background for this analysis is top pair production (¢t), which
originates predominantly from gluon-gluon fusion (gg —tt, 90%) and the remaining contribution
is from gg—tt [7]. Because of the very short lifetime of the top quark, it is expected to decay
before it hadronises and consequently decays with an ~ 100% branching ratio to a real W boson;
t — Wb[7]. There are three further classifications of the decay of t¢ that depend on the decay of
the W boson; Br(W — ¢q) = 67% and Br(W — [;v;) = 10.9% where i = e, u and 7. These can
be categorised as a fully hadronic (tt — WrwW bb — qqqabb, 45.7% contribution), leptons plus
jets (sometimes called semi-leptonic, tt — WrW~bb — qqbbl ™ 7, + chbBlJrl/l, 43.8% cotribution)
and di-leptonic (tf — W W ™ bb — I~ 1" 1,bb, 10.5%) final states. Feynman diagrams for the

two leading processes can be seen in Figure 7.2.

The sub-dominant backgrounds in this analysis are single top production (single top) and
jets produced in association with a Z boson (Z+jets). Single top originates from electroweak
production mechanisms; ¢g§ — tb and gb — gt, mediated by virtual s- and t-channel W bosons.
Wt-associated production originates through bg — W ¢, albeit with a smaller cross section
[7]. Feynman diagrams for the three processes can be seen in Figure 7.3. The Z boson decays
primarily to hadrons (~ 70%), invisible (i.e neutrinos, 20%) and lepton pairs (I = 3.36%) for
| = e, and 7[7]. Because of this, Z boson production in association with jet(s), can be a
significant background in fully hadronic channels because of the high Ep" 55 Selection. Feynman

diagrams for two jet events can be seen in Figure 7.4.

W-boson associated production with jet(s) is not a dominant background for the analysis, however,
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it can be identified by a high pp charged lepton from its decay (therefore only affecting leptonic
channels) and missing energy from the neutrino. For this reason, the transverse mass variable is
used. Feynman diagrams for these processes can be seen in Figure 7.5. The remaining backgrounds
are predominantly electroweak (ttZ,ttW, WW, W Z,ZZ) and other rare processes (ttH,tttt)
which are categorised into “topEW?”, for those involving tops, and diboson for pair-produced

vector boson processes.

All SM Monte Carlo simulated events are normalised using the best available theoretical calculation
for their respective cross sections and a summary of the generators can be found in Table 8.1.
The modelling of the dominant backgrounds in the signal regions, such as the production of tt
pairs with additional high transverse momentum (pr) jets is simulated using the Powheg [60] v2
event generator using the NNPDF3.0 [152] PDF set. The parton shower, fragmentation, and
the underlying event are simulated using Pythia v8.230 [153]. The hg,y,, parameter in Powheg,
which controls the pp of the first additional emission beyond the Born level and thus regulates
the pp of the recoil emission against the t¢ system, is set to 1.5 times the mass of the top quark
(m; = 172.5 GeV).

The signal simulation is normalised using the best cross section calculations at NLO in the strong
coupling constant, adding the resummation of soft gluon emission at the next-to-leading-logarithm
(NLL) accuracy [154-158]. The mass difference between the 7+ and the ¢° is fixed at 2 GeV. The
nominal cross section and the uncertainty are taken from an envelope of cross section predictions

using different PDF sets and factorisation and renormalisation scales, as described in Ref. [159].

Process Generator Tune PDF set Cross section
+ fragmentation/hadronisation order
Gbb/Gtb/Gtt  MADGRAPH5_aMC@NLO-2.2.2 Al4 NNPDF2.3 NLO+NLL [154-159]

+ PyTHIA v8.186

tt POWHEG-BOxv2 Al4 NNPDF3.0 ~NNLO+NNLL [125]
+ PYTHIA-8.230

Single top PowHEG-Boxv2 PERUGIA2012 NNPDF3.0 NNLO+NNLL [125]
Wit-channel (s/t) + PYTHIA-8.230
ttW /ttZ MADGRAPH5_aMC@QNLO-2.3.3 Al4 NNPDEF3.0 NLO [59]

+ PYTHIA-8.186

4-tops MADGRAPH-2.3.3 Al4 NNPDF2.3 NLO [59]
+ PyTHIA-8.186

ttH POowHEG-Box (v2) Al4 NNPDF2.3 NLO [59]
+ PYTHIA-8.186
Dibosons SHERPA-2.2.1 Default NNPDF3.0 NLO [128, 129]
WW WZ, ZZ
W /Z+jets SHERPA-2.2.1 Default NNPDF3.0 NNLO [130]

Table 8.1: List of the Monte Carlo generators used for the different processes. Information is
given for the tuned set of underlying event and hadronisation parameters (Tune), the PDF sets
and the perturbative QCD highest-order accuracy used for the normalisation of the different
processes.
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8.3.3 Data-driven Multi-jet Estimate

The combination of a high E3™* requirement (E2™5 > 200 GeV) and the presence of an isolated
signal lepton results in a negligible multi-jet contribution to the leptonic regions. In the zero-
lepton regions, multi-jet events are minimised by the large EpT' 55 selection and imposing a
minimum ¢ separation between the Ey 55 and the four leading jets, which suppresses events
with a large amount of fake Ep 55 hecause of badly reconstructed jets. Therefore, the multi-jet
background is expected to be small in the zero-lepton CC regions only, but is estimated using a
template fit to this A¢4j

min

observable because of the difficult modelling of QCD by simulation.

The multi-jet background prediction in the zero-lepton CC regions follows the method performed
in Ref. [160]. The strategy estimates the background process for each SR from an equivalent
SR but with modified A¢i{m (A(Z)fr{in > 04 — Aqﬁfr{in < 0.1) selection, such that the region
has similar kinematic properties but is enriched in multi-jet events. The multi-jet estimate is
obtained by extrapolating the yield in the multi-jet-enriched region to the corresponding SR by
45

the use of an exponential function in the A¢ . distribution. Excellent closure is observed for

0.1 < Ad)i{in < 0.2, however, it is not possible to validate this prediction closer to the analysis

regions. Because of this and to conservatively describe the differences in the shapes between the
A¢4j < 0.1 and > 0.4 bins, a 300% uncertainty is applied to this prediction.

min

8.3.4 One-Lepton Event Reweighting

Discrepancies in the shapes of pp-dependent observables, such as, m.g, szand ET iSS, show
a negative slope between the preselected data and the expected background in the one-lepton
channels, whereas no similar discrepancies are visible in the zero-lepton channel. This disagreement
therefore impacts all CC CRs and the 1 lepton Gtt SRs. The disagreement is thought to originate
from the modelling of the top quark, which can be corrected with the inclusion of electroweak
corrections at NLO [161]. To correct for these discrepancies, a background-dependent kinematic
reweighting is applied to events containing greater than one signal lepton. The correction is
derived in dedicated reweighting regions (RR) designed to target the t¢ background, single top,
tt+W/Z/H and 4-tops processes, W+jets and finally, Z+jets and electroweak diboson processes,
as defined in Table 8.2. Figures presenting the data-to-SM ratio for each RR as a function of the

effective mass observable can be seen in Figure 8.4.

The method begins by normalising the simulation to the data in each reweighting region. The
ratio of data and normalised simulation is then computed as a function of the m.g distribution
and for a specified Nje; selection where for the ¢Z and W+jets RRs only, an exclusive Nje, selection
(Njet =4,5,6,> 7) is used or for the remaining RRs, Niet > 4. A decreasing exponential function
is performed to this ratio in the m.g distribution, where the reweighting factor is determined
per event. The reweighting factors typically take values between ~1.17 and ~0.19 for low and
high values of m.g for the t¢ and W +jets processes, and between ~1.7 and ~0.43 for low and
high values of mqg for the single top, tt + W/Z/H and 4-tops processes, and the Z-+jets and

electroweak diboson processes. The statistical uncertainty propagated from the exponential fit
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Criteria common to all regions: Ny, > 4, B or EIS > 200 GeV

Jet —
Reweighting Region Niepton Np_jet m?r_rflt; [GeV] My, [GeV]
tt =1 =2 <350 -
Single top, tt + W/Z/H, 4-tops =1 =2 > 350 -
W +jets =1 =0 - -
Z+jets, VV = 2 Opposite charge =0 - € [60,120]

Table 8.2: Definitions of the reweighting regions used to derive the m.g reweighting factors applied
to all simulation. The Njg,on requirements apply to signal leptons. The Ny,_j¢; requirements
ensure the reweighting regions (RR) are orthogonal to all analysis signal regions. The Z and
VV RR uses a definition of EF™ (EF'™) that adds the lepton pair transverse momentum to the
missing transverse momentum, to simulate Z — vv events.
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Figure 8.4: Ratio of the data to the total Standard Model background for the (a) t¢, (b) W+jets,
(c) single top and (d) Z+jets reweighting regions. The total Standard Model background is formed
from tt, single top, W /Z+jets, diboson and ¢t + X Monte Carlo simulation. The background
category tt + X includes ttW/Z, ttH and tttt events.
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parameters is included as systematic uncertainty related to this method.

8.3.5 Event Preselection

Two sets of preselection criteria are used, targeting two different final states; one containing no
leptons and one with at least one lepton, referred to as zero-lepton (OL) and one-lepton (1L)
channels throughout the rest of the text. Events must pass the BT iss trigger and are preselected
by requiring at least four jets of which at least three must be b-tagged and requiring that
ET 55 - 200 GeV, which ensures that the efficiency for the Ep' iss triggers used in this analysis is
close to ~ 100%.

Plots of the Monte Carlo background processes, the data-driven multi-jet estimate, benchmark
Gtt and Gbb signal processes as well as the data, with the one-lepton kinematic correction
applied, at a preselection level for zero- and one-lepton channels can be seen in Figures 8.5 and
8.6, respectively. No significant issues in the modelling of analysis variables used in the SR

definitions in zero- or one-lepton channels are observed.

Nearly all the pp-related variables used in SR definitions (Section 8.4) have much improved
data-to-MC agreement after applying the kinematic correction. The reweighting negatively
affects the data-to-MC agreement for the Nje observable. Although, the impact is small and the
data-to-MC ratio is still in argeement within the total uncertainty. Therefore, when considering
the improved performance for the other main analysis variables and the proceedure can be
justified.

8.4 Analysis Regions

The search strategy is a set of partially overlapping selection-based, or referred to as cut-and-
count (CC), regions that are optimised with a discovery-oreintated approach. The objective
of the strategy is to have a set of easily interpretable regions in the instance of observing an
excess of events above the SM background and thus, the observables chosen for optimisation
are multiplicative quantities of detector signatures (such as the number of jets or leptons) or
well motivated by their physical discrimination (such as méf_rfltj with a motivated threshold
of 175 GeV because of the kinematic endpoint for tt). The final motivation for this strategy
was to use these SRs to be able to obtain model-independent upper limits on the number of
beyond-the-Standard Model (BSM) events at a 95% confidence level. Signal regions are designed
to specifically target the Gtt, Gbb and Gtb signatures and to cover different ranges of gluino
and lightest neutralino masses. The Gtt signal regions are categorised into those containing zero
leptons or at least one identified charged lepton. Control and validation regions are defined by

inverting one selection to remain close to the SRs whilst being mutually orthogonal to each other.

The search also uses another technique that utilises a neural network (NN) to improve the
model-dependent sensitivity to the Gbb and Gtt signal processes. The neural network is trained

on the four-vectors of the ten largest pp small-radius jets, four largest p large-radius jets, four
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Figure 8.5: Distributions of (top-left) the number of selected jets (N ), (top-right) the num-

J

ber of selected b-tagged jets, (middle-left) EF", (middle-right) m.g, (bottom-left) MJZ and

b—jets

(bottom-right) m-. -~ for events passing the zero-lepton preselection criteria. The statistical and
experimental systématic uncertainties (as defined in Section 8.5) are included in the uncertainty
band. The last bin includes overflow events. The lower part of each figure shows the ratio of
data to the background prediction. All backgrounds (including ¢f) are normalised using the
best available theoretical calculation described in Section 8.3. The background category tt + X
includes ttW/Z, ttH and tttt events. Example signal models with cross sections enhanced by a
factor of 50 are overlaid for comparison. Taken from Ref. [162].
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Figure 8.6: Distributions of (top-left) the number of selected jets (Nje), (top-right) the num-

ber of selected b-tagged jets, (middle-left) ERS, (middle-right) m.g, (bottom-left) MJZ and
(bottom-right) mlff rfltj for events passing the one-lepton preselection criteria. The statistical and
experimental systematic uncertainties (as defined in Section 8.5) are included in the uncertainty
band. The last bin includes overflow events. The lower part of each figure shows the ratio of
data to the background prediction. All backgrounds (including ¢f) are normalised using the
best available theoretical calculation described in Section 8.3. The background category tt + X
includes ttW/Z, ttH and tttt events. Example signal models with cross sections enhanced by a
factor of 50 are overlaid for comparison. Taken from Ref. [162].
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largest pr leptons and the magnitude and azimuthal angle of the missing transverse energy for
Gbb and Gtt processes as well as for SM background processes. The outputs of the NN are
probabilities for an event to be Gtt, Gbb, tt, single top, electroweak-top processes, W/Z+jets and
diboson. A detailed discussion of this analysis has not been included in this thesis because the
author made a non-significant contribution. The NN analysis, however, contributes significantly
to the model-dependent 95% CLs set on the Gbb and Gtt simplified scenarios, and these will be

presented later for comparisons to the results obtained by the CC regions.

As in the previous iterations of the analysis, dedicated regions are provided for Gtt in the
zero-lepton channel and one-lepton channel and for Gbb in the zero-lepton channel only. For the
first time, a set of regions optimised to be sensitive to Gtb models are provided. As illustrated in
Figure 8.7, for each Gtt-OL, Gtt-1L, Gbb and Gtb processes, SRs are defined for a representative
area of phase-space based on the kinematics of the model. The quantity used to do this is referred
to as the mass splitting calculated by Am = m(g) — m(f(?), which is a function of the two model
parameters. Since in practice one cannot define a SR for every signal in the model-space, the
clear classification of groups in the optimisation process decided the number of SRs. Ultimately

this leads to three regions:

e A “Boosted” (B) SR that targets signals with a large mass splitting between the gluino and
the )Z?; m(g) > m()Z(l]) For these signals, the decay products are boosted and the events

are characterised by high values for all energy-related variables (E2™°, m. g, M}j, ).
e A “Moderate” (M) SR that targets signals with intermediate mass splitting; m(g) > m()Z(f)

o A “Compressed” (C) SR that targets signals close to the limit for the production of the
final-state particles; m(g) ~ m(x}) + 2 x My /-

~ C - Compressed
XO N
I"’
I""
7’
’
s .
/’ M - Medium
’
’
7’
I""
I”
’
R4 B - Boosted

g

Figure 8.7: Representation of the three targeted sets of kinematics; boosted (B), moderate (M)
and compressed (C) as a function of the two SUSY signal parameters (g, ).

To define the selection criteria for each of these areas of phase-space an optimisation framework
[163] was used for each of the Gtt, Gbb and Gtb signal processes. Given a set of possible selections,
for example, BT 55 > in the range [300,400] GeV in steps of 50 GeV and m.g > [1500,2000] GeV

in steps of 250 GeV; the optimisation code considers all the possible combinations. It would then
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choose the combination that has the highest expected signiﬁcanceg, require > 0.5 background
events and tt MC statistical uncertainty < 30%. While there is no requirement on the minimum
number of expected SM events in the SRs, all the candidate-SRs where the total background
expectation has a MC statistical uncertainty larger than 30% are discarded. This is included to

ensure that the SRs are not optimised based on statistical fluctuations in the background.

Each SR has a corresponding control region (CR) defined for a data-driven estimate of the
dominant ¢t background. To ensure that the region is kinematically similar to the SR but
orthogonal to it, a lepton requirement is used. To ensure sufficient purity of the targeted
SM background, a reversed mr is also used, which selects events with a leptonic W decay to
enhance the semi-leptonic ¢t background in the region. The my requirement also reduces the
contamination from the Gbb signal and other SM backgrounds, such as WW and fully leptonic
tt. Adjacent to this is ensuring, for a benchmark signal point, that the region is not sensitive
to that signal as to potentially unblind a signal-sensitive region of phase-space. To do this is a
threshold on the signal contamination is required - quantified by the ratio of the yield of the
signal in that region to the total SM background. For this optimisation, the signal contamination
in the CRs is required to be lower than 1%. The regions also require a high ¢¢ purity (minimum
> 40% tt of the total background composition and no large contributions from rare processes)
for an accurate measurement of the ¢t background normalisation. It is also beneficial for control
regions to have a high number of data events (O(100)) however, a minimum of 20 data events
was required in the optimisation. With a higher number of data events, the measurement of the
tt normalisation can be constrained with greater certainty and hence, the statistical uncertainty

in the normalisation is not limiting the sensitivity of the corresponding SR and VR.

Validation regions (VR) are used to validate the analysis strategy before unblinding the data in
the SR. Similar to the CR, design procedure, each VR is required to be kinematically similar but
orthogonal to the corresponding SR and mutually orthongal to the corresponding CR. To ensure
orthogonality for the VRs, only variables with sufficient data-to-MC agreement and kinematically

well-understood variables were chosen to be inverted. This resulted in Ep' iss

, Mg and ]\JJZ being
acceptable for inversion. The signal contamination from a benchmark model is also required to
be low < O(10%). The relaxation of one or more selection thresholds was permitted to allow for

more data events.

8.4.1 Region Optimisation - Gbb

This section describes the optimisation of the Gbb signal, control and validation regions. The

variables used in the optimisation of the Gbb signal regions are; mgfiflts , Agbi{in, ET™, myg, Niets
1j . . . :
Np_jets s Niepton and the range was motivated by previous versions of the analysis as well as

the physical kinematics of the observable.

The SR optimisation procedure is extremely time consuming and so, the strategy of performing

the optimisation over several iterations with fewer degrees of freedom (DoF) as opposed to a

3Calculated from a binomial distribution for a specified signal yield s, background yield b, and a fixed uncertainty
size (o, = 30%) using the RooStats [107] function Roostats: :BinomialExpZ(s, b, 30%) [76].
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single optimisation with many DoF was favoured. The strategy enabled the quick determination
of key analysis variables (such as the number of leptons) and an initial an estimate of the selection
threshold. Once this was performed, further iterations of the optimisation were performed with
finer ranges of selection thresholds because some variables already have their optimised values,
47

min

performed is shown in Table 8.3. The results of the nominal variable scan for each signal in the

such as the lepton requirement or A¢ . > 0.4. An example of one of the finer optimisations

model parameter-space can be seen in Figure 8.8.

Parameters Np_joq > Njgp > my IS S B s e > pl >

= T min
Min value 3 4 70 300 1500 20
Max value 4 6 150 600 2700 80
Step size 1 1 20 50 100 15

Table 8.3: Ranges of selection thresholds used in the final iteration of the Gbb SR optimisation,
where all kinematic variables are expressed in GeV.

If one uses for each signal point of the Gbb mass plane the corresponding optimised selections for
each variable, the resulting expected significance can be seen in Figure 8.9. To achieve the goals
of having only a limited number of SRs and at the same time having good sensitivity across the
entire Gbb signal model-space, three SRs are defined: Boosted, which targets Am > 1.5 TeV,
Moderate, which targets 0.3 < Am < 1.5 TeV, and Compressed, which targets Am < 0.3 TeV.
The definitions of Gbb SRs are summarised in Table 8.4.

Targeted kinematics  Type  Nigpton py) [GeV]  myg [GeV] EPS [GeV] mbi% [GeV] my [GeV]

T,min

Region B SR =0 > 65 > 2600 > 550 > 130
(Boosted, Large CR =1 > 65 > 2600 > 450 < 150

Am) VR =0 > 65 < 2400 > 550 > 130

SR =0 > 30 > 2000 > 550 > 130

Region M

(Moderate Am) CR =1 > 30 > 2000 > 550 <150

VR =0 > 30 > 1600 < 500 > 80

Region C SR =0 > 30 > 1600 > 550 > 130
(Compressed, small ~ CR =1 > 30 > 1600 > 550 < 150

Am) VR =0 > 30 > 1500 < 450 > 130

Table 8.4: Definitions of the Gbb SRs, CRs and VRs of the analysis regions. The jet pt
requirement is also applied to b-tagged jets.

The CRs for the Gbb regions require exactly one signal lepton because the main background is
expected to be semi-leptonic tf. Being a zero-lepton channel, one would expect fully hadronic ¢t
to be dominant but because of the Ep iss requirement, leptonic decays of the W boson with a
misidentified e or u as jets or a hadronic 7 reconstructed as a jet as well as the potential for them

to be out-of—a(xzeptance4 means semi-leptonic dominates the ¢¢ composition. The selected number

*Out-of acceptance is consdiered when the objects pt or 7 is out of the detection and therefore reconstruction
range.
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Figure 8.8: Optimal selection thresholds for each model in the parameter-space in the Gbb
zero-lepton channel for variables. (a) meg GeV, (b) ET™ GeV, (¢) Ny, (d) Ni_je, (€) ml%_rjritrf
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Figure 8.9: The expected significance for each model of the Gbb signal grid.

of jets in the optimisation is already low (Nje > 4, as expected because the Gbb signal model
has a lower number of jets with respect to the Gtt model). Other than the lepton multiplicity
and the selection on my, the main differences between the CRs and the SRs are; the selection on
E s relaxed in Gbb-M and Gbb-C and the selection on m,l}_rjrff; is removed across all regions.
Plots for all control regions for Gbb binned in mqg are shown in Figure 8.10 and the definitions

of the CRs can be found in Table 8.4.

In each Gbb region, a VR is defined to validate the extrapolation of the number of leptons
between the CR and the SR. VRs require a lepton veto, and the variable that is used to achieve
orthogonality between each VR and the corresponding SR is m.g in Gbb-B and ET' 55 in Gbb-M
and Gbb-C. The selections on the other kinematic variables are loosened to ensure the uncertainty
in the number of data events is not significant. Plots of the corresponding validation regions
binned in m.g can be found in Figure 8.11 and the definitions of the regions can be found in
Table 8.4.

8.4.2 Region Optimisation - Gtb

This section describes the optimisation of the Gtb signal, control and validation regions. Gtb
models share an intermediate final state between the Gbb and Gtt signal processes that depends
on the number of stops and sbottoms produced. When the mass splitting between the gluino
and neutralino is large, the top quarks tend to be highly boosted and their decay products
become collimated. A topological observable, built from the mass of large-radius jets re-clustered
from small-radius jets, M E, is used to enhance the signal discrimination for Gtt and thus is
powerful for this decay too. The remaining variables used in the optimisation of the Gtb signal
regions follow similar to those used in the Gbb optimisation with the addition of those used for
Gtt; my 1, Ag, Y™, meg, M3, Nit, Ni_jet s Niepton- This is included to create SRs

sensitive to those signals which are not considered in the optimisation of the Gbb and Gtt SRs.

The final iteration of the optimisation performed for a range of selection thresholds for the

Gtb optimisation is shown in Table 8.5. The results of this optimisation can be seen in Figure
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Figure 8.10: The m.g distributions of the one-lepton ¢t control regions of the Gbb channel: (a)
Compressed, (b) Moderate and (c) Boosted.
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8.12. Figure 8.12 presents a much coarser granularity in neutralino masses compared to the
corresponding Figures for Gbb. This reflects the different structure of the experimentally available
signal models, which in turn is motivated by the different strategy for interpreting the analysis
results. While for Gtt and Gbb, the main interpretation will indeed be in the § — )2(1) mass plane,
the Gtb signals are used only as benchmark models for the analysis to define further discovery
regions and as part of the signals that constitute a reinterpretation. This difference in granularity
has no impact on the optimisation. It does, however, have an effect only for the interpretation of

the results.

Parameters Nj_jo > Njey > mlIs S B S e > MJZ > plTj>

Jet — T,min
Min value 3 4 100 300 1300 0 30
Max value 4 6 140 600 2600 350 50
Step size 1 1 10 50 100 50 10

Table 8.5: Ranges of selection thresholds used in the final iteration of the Gbb SR optimisation,
where all kinematic variables are expressed in GeV.

If one uses the optimised selections for each variable for the signal in the parameter-space, the

expected significance for that model can be seen in Figure 8.13.

As per the Gbb SR strategy, three Gtb SRs are defined, targeting Boosted, Moderate and
Compressed regions, with the same mass splitting definitions as those from Gbb. A summary of

the signal region definitions can be found in Table 8.6.

Targeted kinematics  Type Nigpron Njet  Np_jer Mo [GeV] ERSS [GeV] ml{lﬂf [GeV] mry [GeV] JWJZ [GeV]

Region B SR =0 >4 >3 > 2500 > 550 > 130 > 200
(Boosted, Large CR =1 >4 >3 > 2200 > 400 < 150 > 200
Am) VR =0 >4 >3 < 2500 > 450 > 130 > 200
SR =0 >6 >4 > 2000 > 550 > 130 > 200

Region M
(Moderate Am) CR =1 26 =4 > 1700 > 300 < 150 > 200
VR =0 >6 >4 > 1600 < 550 > 110 > 200
Region C SR =0 >7 >4 > 1300 > 500 > 130 > 50
(Compressed, small  CR =1 >7 >4 > 1300 > 350 < 150 > 50
Am) VR =0 >7 >4  >1300 < 500 >80 > 50

Table 8.6: Definitions of the Gtb SRs, CRs and VRs.

CRs for the Gtb regions are defined with the same strategy as for the Gbb CRs. They require
exactly one signal lepton, have an upper selection on mt to reduce signal contamination and
have the same requirement on the number of jets and number of b-jets as the SRs. Other than
the lepton multiplicity and the selection on m, the main differences between the CRs and the
SRs are; the selection on m.g is relaxed in Gtb-M and Gtb-B, the selection on E % s relaxed

b—jets

and M i

is removed for all regions. Plots of the Gtb CRs binned in m.g can be found in

Figure 8.14 and the definitions of the regions can be found in Table 8.6.

In each Gtb region, a VR is defined to validate the extrapolation of the number of leptons
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Figure 8.13: The expected significance for mass point of the Gtb signal grid.
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between the CR and the SR. VRs require a lepton veto, and the variable that is used to achieve
orthogonality between each VR and the corresponding SR is myg in Gtb-B and ET 55 in Gtb-M
and Gtb-C. The selections of other kinematic variables are loosened to ensure adequate statistics.
Plots of the corresponding validation regions binned in myg can be found in Figure 8.15 and the

definitions of the regions can be found in Table 8.6.
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Figure 8.15: The myg distributions for the validation regions of the Gtb channel: (a) Compressed,
(b) Moderate and (c) Boosted.

8.4.3 Remaining Regions

The author of this thesis did not perform the optimisation of the zero and one-lepton Gtt signal
regions, however, they are key components of the analysis strategy and hence, their definitions
can be found in Tables 8.7-8.8, respectively. The same optimisation strategy was performed,
however, it was noticed a second moderate region was beneficial and thus, there are four SRs for
the Gtt channels instead of the three for Gbb and Gtb.
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Targeted kinematics Type Nigpon Nt No_jer B [GeV]  AdY,  meg [GeV] my [GeV] ml;["if [GeV] ]\IJZ [GeV]

Region B SR =0 >5 >3 > 600 >04  >2900 - > 120 > 300
(Boosted, Large CR =1 >4 >3 > 200 - > 2000 <150 - > 150
A
™) VR =0 >5 >3 > 250 >04  >2000 - - <300
SR =0 >9 >3 > 600 >04  >1700 - > 120 > 300
Region M1
(Moderate Am) CR =1 >8 >3 > 200 - > 1100 < 150 - > 150
VR =0 >9 >3 > 300 >04  >1400 - - < 300
SR =0 >10 >3 > 500 >04  >1100 - > 120 > 200
Region M2
(Moderate Am) CR =1 >9 >3 > 200 - > 800 < 150 - > 100
VR =0 >10 >3 > 300 > 04 > 800 - - <200
Region C SR =0 >10 >4 > 400 >04 > 800 - > 180 > 100
(Compressed, small ~ CR =1 >9 >4 > 200 — > 800 < 150 — > 100
A
™) VR =0 >10 >4 > 200 >04 >80 - - <100

Table 8.7: Definitions of the Gtt zero-lepton SRs, CRs and VRs, which depend on the difference
between the gluino and neutralino masses (Am).

Targeted kinematics Type Nyt ET 55 [GeV]  mgg [GeV] my [GeV] mbT_Iflf [GeV] MJZ [GeV]

SR >4 > 600 > 2300 > 150 > 120 > 200

(Boi{:tiigfﬁrge CR =4 > 200 > 1500 <150 - _
Am) VR-my >4 > 200 > 1500 > 150 - < 200
VR-my )% >5 > 200 > 1200 <150 > 120 > 200
SR >5 > 600 > 2000 > 200 > 120 > 200

Region M1 CR =5 > 200 > 1200 < 200 - -
(Moderate Am) VRmy =5  >200 > 1200 > 200 - < 200
VR-m7 ke >6 > 200 > 1000 < 200 >120 > 100
SR >3 > 500 > 1100 > 200 > 120 > 100

Region M2 CR =8 > 200 > 800 <200 - -
(Moderate Am) VRmy  >8  >200 > 800 > 200 - <100
VR-m} 5 >9 > 200 > 800 < 200 >120 > 100

SR >9 > 300 > 800 > 150 > 120 -

(Comfp{fegsi(s)éld?small CR =9 =200 = 800 <150 B B

Am) VR-my  >9 > 200 > 800 > 150 <120 -

VR-mi )5 > 10 > 200 > 800 <150 > 120 -

Table 8.8: Definitions of the Gtt one-lepton SRs, CRs and VRs, which depend on the difference
between the gluino and neutralino masses (Am). All regions require an inclusive Nigppon > 1
selection.
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8.5 Uncertainties

This section will summarise all the theoretical and experimental uncertainties associated with
this and the subsequent chapter search strategies. The systematic configuration is implemented

for the results described in Section 8.6.

8.5.1 Theoretical

The uncertainties in the modelling of the SM background and signal processes are taken into

account by assessing their generation in Monte Carlo as well as the theoretical cross section.

tt - Hadronisation and parton showering model uncertainties of the tf background are evaluated
by comparing two simulation processes generated with POWHEG and showered by either HER-
WIG++ v2.7.1 or PYTHIA v6.428 [164]. Additionally, systematic uncertainties in the modelling
of initial- and final-state radiation are explored with POWHEG simulation, showered with two
alternative settings of PYTHIA v6.428 [165]. The uncertainty caused by the choice of generator
for the matrix element calculation is estimated by comparing the expected yields obtained using
tt processes generated with MADGRAPH5_aMCQ@QNLO and POWHEG. The total theoretical
uncertainty in the ¢t background estimation is taken as the sum in quadrature of these individual
components and has a maximum impact of 37%. Moreover, an additional uncertainty is assigned
to the fraction of tf events produced in association with additional heavy-flavour jets [164] (i.e.
tt+ > 1b and tt+ > 1¢) is found to impact no larger than 6%.

Single top - Modelling uncertainties affecting the single top processes arise especially from
the interference between the t¢t and Wt processes. This uncertainty is estimated using inclusive
WWbb events, generated using MADGRAPHS_aMC@NLO, which are compared with the sum of
tt and Wt processes. Furthermore, as with the ¢ modelling uncertainties, variations of PYTHIA
v6.428 settings to increase or decrease the amount of radiation are also evaluated. An uncertainty
is included for the cross section of single top processes, which has a maximum impact of 5% [166].

The overall impact of single top theoretical uncertainties varies between 2.9 and 11.2%.

V +jets - Uncertainties related to factorisation and renormalisation scales and those affecting
the matching procedure between the matrix element and parton shower in the W/Z+jets
backgrounds are taken into account [164]. These are found to impact no larger than 7%.
Additional uncertainties related to the heavy and light flavour composition of jets are estimated
by varying the yields of events containing at least one b-jet or c-jet with an uncertainty of 30%.

These uncertainties have a maximum impact of 7%.

Remaining - A 50% uncertainty is assigned to tt + W/Z/H, tttt and diboson backgrounds,

and is assumed uncorrelated across all SRs. For electroweak top (diboson) processes, these have
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a maximum impact of 12% (3%). The uncertainties in the cross sections of signal processes
are determined from a series of different cross section predictions using an alternate MC event

generator. These are no larger than 30%.

8.5.2 Experimental

Uncertainties related to the imperfect nature of the detector and our reconstruction methods are

also taken into account.

Jet Reconstruction - Seven components associated with the jet energy are scaled up and
down to evaluate a +1o uncertainty in the jet energy scale (JES) calibration of jets. The
largest JES uncertainty component has a maximum impact of 12%. The impact of the jet
energy resolution (JER) systematic uncertainty is evaluated from +1o variations. JER has eight
components related to detector reconstruction of jets. The largest JER uncertainty component has
a maximum impact of 16%. Six components related to our understanding of statistics, modelling
and tracking with respect to the scale of the jet mass are varied up and down by the total 1o.
The largest JMS uncertainty component has a maximum impact of 12%. The uncertainties
related to the large-radius re-clustered jets are obtained on the basis of the propagation of the

small-R jets systematic uncertainties.

b-tagging and mis-tagging rates - The b-tagging uncertainty is evaluated by varying up
and down the 7-, pp- and flavour-dependent jet scale factors. An additional uncertainty for the
extrapolation of the scale factors to high pr jets is included. Additionally, an uncertainty related
to the usage of c-jets scale factors for 7-jets. The uncertainties related to this vary between 0.3
and 12%.

Background estimation - The statistical uncertainty from the reweighting scale factors enter
the likelihood fit as a systematic uncertainty. Additionally, to better reflect the impact of
kinematic reweighting on the one-lepton regions, an uncertainty was implemented to assess the
difference between the inclusion/removal of the kinematic reweighting. The reweighting-related
uncertainties have a combined maximum impact of 15%. A 300% uncertainty in the multi-jet
background in all regions is applied, as motivated from the data-driven closure estimate in Section
8.3.3.

Remaining - The electron and muon energy /momentum scale and resolution uncertainties are
taken into account. Additionally, systematic uncertainties affecting the lepton efficiencies and

isolation requirements are also accounted for. These uncertainties were negligible in previous

versions of this search. The soft term of the Ep 55 calculation was also evaluated. The uncertainties

miss

related to the E " soft term were also negligible.
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The magnitudes of the total combined uncertainties in the background estimates for the various

signal regions are summarised in Figure 8.16.

|
|

> _ T T T T -
c I u—
K] 12— ATLAS N [ Total uncertainty _
g C {s=13 TeV, 139 b ---- tf normalisation .
£ 1= Cutand count analysis MC statistical -
o - ===~ Theoretical .
=
k= 08— Experimental ]
¢ F -
06— -

04— T aeeeeameea- R

02— i el e S —

S) S S) S S S S S} S S) S S S S
'?‘Gtr.gL /;"fo-oL /;Gtr.gL ;‘Grr.OL IZ‘GIr. 2 Z‘Gtr. " ;‘Glr. 2 /;Gtr. " ’;‘be‘ 5 R-Gop, MR“be‘ CQ‘th‘B R“thm R‘Grac
E Mg Mz T E Mg Ttz T

(a)

Figure 8.16: The total relative uncertainties for each signal region. All uncertainties are assumed
to be fully uncorrelated so they can be summed in quadrature. Taken from Ref. [162].

8.6 Statistical Interpretation

This section presents the unblinded results of the statistical analysis performed for each likelihood
fit introduced in Section 6.4.

8.6.1 Background-only Fit

In this section, the results of the background-only fit for the analysis regions are presented. The
results are obtained following the strategy defined in Section 6.4 and are presented in Figures
8.17 to 8.19. Figure 8.17 presents the pre-fit data-to-MC agreement in the CRs and, in the

bottom panel, the post-fit ¢f normalisation factors, which are explicitly stated in Table 8.9.

The ¢t normalisation factors range from 0.858 to 1.309 with no discernible patterns between
regions and almost all are consistent with unity within its respective total error. Applying these
scale factors in the VRs and SRs, Figures 8.18-8.19 present the post-fit total event yields for

data and simulation along with the corresponding pull.

In the VRs, the data-to-MC ratio indicates sufficient agreement with all pulls within < 1o
validating the overall fit strategy. Even though the Gbb and Gtb signal and validation regions
require exclusively zero final-state leptons, because the control regions have at least one lepton
present, all post-fit VRs and SRs benefit from the reweighting in the m.g distribution. It is
specifically beneficial for the leptonic Gtt regions. Figure 8.19 presents the agreement between
the data and post-fit event yields in the SRs, where the pull is shown for each region in the lower

panel.
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Figure 8.17: Pre-fit event yield in control regions and the related post-fit ¢£ normalisation factors
after the background-only fit. The upper panel presents the observed number of events and the
predicted background yield before the fit. The background category ¢t + X includes ttW/Z, ttH
and tttt events. All of these regions require at least one signal lepton, for which the multi-jet
background is negligible. All uncertainties described in Section 8.5 are included in the uncertainty
band. The ¢t normalisation is obtained from the fit and is displayed in the bottom panel. Taken
from Ref. [162].

Region Wi Symmetrical error
Gbb-B 1.309 0.346
Gbb-M 0.814 0.246
Gbb-C 0.965 0.214
Gtb-B 0.805 0.193
Gtb-M 0.95 0.234
Gtb-C 1.064 0.202
Gtt-0L-B  0.858 0.101
Gtt-0L-M1  1.049 0.066
Gtt-0L-M2  1.18 0.08
Gtt-0L-C ~ 1.28 0.164
Gtt-1L-B 1.2 0.185
Gtt-1L-M1  1.046 0.085
Gtt-1L-M2  1.031 0.059
Gtt-1L-C 1.122 0.084

Table 8.9: Post-fit normalisation parameter for the t¢ background (u;) for each region in the
search.
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Figure 8.18: Results of the background-only fit extrapolated to the VRs. The upper panel shows
the observed number of events and the predicted background yield. All uncertainties defined
in Section 8.5 are included in the uncertainty band. The background category tt + X includes
ttW/Z, ttH and tttt events. The lower panel shows the pulls in each VR. Taken from Ref. [162].
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Figure 8.19: Results of the background-only fit extrapolated to the SRs. The upper panel shows
the observed number of events and the predicted background yield. All uncertainties defined
in Section 8.5 are included in the uncertainty band. The background category tt + X includes
ttW/Z, ttH and tétt events. The lower panel shows the pull in each SR. Taken from Ref. [162].
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No significant excesses are found above the predicted background in any SR. The ¢t background
dominates all SRs, as expected. The sub-dominant background contributions in the zero-lepton
regions are Z(— vv)+jets and W (— fv)+jets events, where for W+jets events, the lepton is an
unidentified electron or muon, or a hadronically decaying 7-lepton. In the one-lepton SRs, the
sub-dominant backgrounds are single top, ttW and ttZ. Tables 8.10- 8.11 present the observed
number of events and predicted number of background events from the background-only fit in

the Gtt one-lepton, Gtt zero-lepton and Gbb regions.

Region SR-Gbb
& B M C
Observed events 7 18 32
Fitted background 3.9+1.4 13+4 33+9
tt 1.6+1.0 4.34+3.0 12+7
Single top 0.7+04 27+14 63434
tt+ X 0.274+0.16 094+05 3.0+£1.5
Z+jets 0.61+026 3.0+1.0 69+23
W +jets 043+£021 18412 3.1+£1.6
Diboson 03703  05+£04 1.3+0.8
Multijet < 0.01 < 0.01 < 0.01
Pre-fit background 3.5 14 33
Resion SR-Gtb
& B M C
Observed events 8 1 4
Fitted background 2.8£0.9 1.2+0.6 6.0 £ 2.2
tt 0.9+ 0.6 0.8+ 0.5 3.6 2.1
Single top 0.62+0.35 0.23+0.12 09405
tt+ X 0.25+0.15 0.06+£0.04 08£04
Z+jets 0.524+0.26 0.10£0.10 0.46+0.17
W +jets 043+£0.23 0021007  0.21+0.11
Diboson <0.01  0.067000  0.067000
Multijet <0.01 <001  0.01708
Pre-fit background 3.0 1.3 5.8

Table 8.10: Results of the background-only fit extrapolated to the Gbb and Gtb SRs, for the
total background prediction and breakdown of the main background sources. The uncertainties
shown include all systematic uncertainties. The data in the SRs are not included in the fit. The
background category tt+ X includes ttW/Z, ttH and tttt events. The row “MC-only background”
provides the total background prediction when the ¢ normalisation is obtained from a theoretical
calculation [125]. Yields are obtained for large Am (“B”), moderate Am (“M”) and small Am
(“C”) scenarios. Taken from Ref. [162].
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Resion SR-Gtt-0L
PEI0 B M1 M2 C
Observed events 3 3 5 )
Fitted background 0.81£0.32 1.34+0.6 3.0£1.3 1.7+ 0.8
tt 0344021 08+05 20+1.2 1.2+0.8
Single top 0.114+0.10 0.164+0.10 0.38+0.23 0.16+0.11
tH+ X 0.04705%  0.097383 0324020 0.23+0.16
Z+jets 0.13+£0.08 0.164+0.08 0.25+0.14 0.037008
W+jets 0.154+0.11 0.104+0.09 0.08+0.05 0.03 %+ 0.02
Diboson < 0.01 <0.01 <0.01 < 0.01
Multijet 0.03702%  0.0670% < 0.01 < 0.01
Pre-fit background 0.87 1.3 2.7 14
Resion SR-Gtt-1L
& B M1 M2 C
Observed events 1 0 0 2
Fitted background 0.6+04 056027 1.0£04 4.04£2.0
tt 054+04 037+£023 063+£034 29+18
Single top 0.114+0.08 0.08+0.07 0.12+0.08 0.23+0.15
tH+ X 0.054+0.04 0.104£0.06 023+0.15  0.8+0.5
7 +jets < 0.01 < 0.01 < 0.01 < 0.01
W+jets 0.01379.922 < 0.01 <0.01  0.052+0.034
Diboson < 0.01 < 0.01 < 0.01 < 0.01
Multijet < 0.01 < 0.01 < 0.01 < 0.01
Pre-fit background 0.55 0.55 1.0 3.7

Table 8.11: Results of the background-only fit extrapolated to the Gtt zero-lepton and Gtt
one-lepton SRs, for the total background prediction and breakdown of the main background
sources. The uncertainties shown include all systematic uncertainties. The data in the SRs are
not included in the fit. The background category tt+ X includes ttW/Z, ttH and tttt events. The
row “MC-only background” provides the total background prediction when the ¢t normalisation is
obtained from a theoretical calculation [125]. Yields are obtained for large Am (“B”), moderate-1
Am (“M17), moderate-2 Am (“M2”) and small Am (“C”) scenarios. Taken from Ref. [162].
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8.6.2 Model-Independent Fit

Since no significant excesses were observed above the expected background from SM processes,
the analysis proceeds to set limits on the signal processes to allow for reinterpretation where
the data are used to derive one-sided upper limits at 95% confidence level (CL). Two levels of
interpretation are provided in the next section: model-independent exclusion limits (Section
8.6.2) and model-dependent exclusion limits set on the Gbb, Gtt (Section 8.6.3) and gluino

variable branching ratio models (Section 8.6.4).

The analysis regions are also used to place model-independent limits on the presence of beyond-
the-SM (BSM) events for each SR. These limits are derived using the CL, prescription [167],
neglecting a possible signal contamination in the control regions. The results of this fit with the
use of 10,000 pseudo-experiments are presented in Table 8.12 [107]. The expected upper limit on
the presence of BSM events in each region follows the pattern expected given the yields in each

signal region: it is, in general, higher in regions with a higher number of background events.

Signal region po (Z) Ugfs [fb] S?)ES ngp
SR-Gbb-B 011 (1.22)  0.07 9.5 6.2175
SR-Gbb-M 018 (0.93) 011 160 114339
SR-Gbb-C 0.5 (0.0) 0.14 194 195152
SR-Gtb-B 0.01(230) 008 113  54%3
SR-Gtb-M 05 (0.0) 003 37 3872
SR-Gtb-C 0.5 (0.0) 0.04 5.7 6.7178
SR-Gtt-0L-B 0.03 (1.82 0.05 6.4 3.706%

SR-Gtt-0L-M2  0.18 (0.91 0.06 7.7 571722

(1.82)

SR-Gtt-0L-M1 ~ 0.13 (1.13)  0.04 6.1 43"
(0.91)

SR-Gtt-0L-C~ 0.03 (1.83)  0.06 85  4.97%)

SR-Gtt-1L-B 0.29 (0.56) 0.03 3.9 3.3752
SR-Gtt-1L-M1 0.5 (0.0) 0.02 3.0 31157
SR-Gtt-1L-M2 0.5 (0.0) 0.02 3.0 34753
SR-Gtt-1L-C 0.5 (0.0) 0.03 4.6 53122

Table 8.12: The py-values and equivalent significance (Z), the 95% CL upper limits on the visible
cross section (03;’;), and the observed and expected 95% CL upper limits on the number of
BSM events (Sfj,is and ngp). The maximum allowed py-value is truncated to 0.5. Taken from
Ref. [162].

8.6.3 Model-Dependent Fit

While the main goal of the analysis regions is to provide discovery regions and to present

model-independent upper limits, the results are also interpreted in terms of model-dependent
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limits, to allow a direct comparison with the performance to the 79.9fb ! public result. The
results were obtained using the CL, prescription with 10,000 pseudo-experiments. The signal
contamination is considered in the CRs as well as systematic uncertainties related to the signal
models. Because the SRs overlap, the exclusion contour is built by selecting, for each signal
point, the result corresponding to the SR with the lowest expected CL, value. The 95% CL
observed and expected exclusion limits for the Gtt and Gbb models are shown in the LSP and

gluino mass plane in Figures 8.20.
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Figure 8.20: Result of exclusion fit for the analysis regions for the (a) Gbb and (b) Gtt model-
space. The dashed line shows the 95% CL expected limit. The shaded bands around the expected
limits show the impact of the experimental and background-modelling systematic uncertainties.
The grey line presents the observed limit from SRs defined using a neural network (NN). Taken
from Ref. [162].

The ilo—f’}}iﬁ}; contours around the observed limits are obtained by running the fit with the
SUSY production cross section adjusted by one standard deviation (+1c), as described in Section

8.3.2. The yellow band around the expected limit shows the £10 uncertainty originating from
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all statistical and systematic uncertainties except the theoretical uncertainties in the SUSY cross

section.

Compared to the previous results of Ref. [164], the sensitivity in the gluino mass plane of the
current search (assuming massless LSPs) have improved by 200 and 250 GeV for the Gbb and
Gtt models, respectively. LSP with masses below 700 (800) GeV are excluded at 95% CL for
gluino masses lower than 2.2 (2.27) TeV for the Gbb (Gtt) model. The best exclusion limits on
the LSP mass are approximately 1.25 TeV, reached for a gluino mass of approximately 1.85 and
2.05 TeV for Gbb and Gtt models, respectively. As introduced in Section 8.1, the neural network
(NN) training results in increased model sensitivity and thus strong observed limits, which can
also been observed in grey Figure 8.20. The 95% CL on the Gbb (Gtt) simplified model is
observed to reach a gluino mass of 2.4 (2.44) TeV for a 1.0 TeV (massless) lightest neutralino
from the NN analysis. The limit on the maximum lightest neutralino mass was observed to be
1.65 (~ 1.35) TeV for the maximum gluino mass of 2.0 (2.17) TeV for Gbb (Gtt).

8.6.4 Reinterpretation

The results of the analysis will also be interpreted for a model with a variable branching ratio
(BR) of the gluino, where it is permitted to decay to Y, bbyY, or thyy (and the {5 then decays
to )2? and soft fermions). All the combinations of these three decays are considered, with the
constraint that the sum of the three BRs must be 100%. The inclusion of the gluino BR makes
it impossible to display the results in the two-dimensional mass plane, as is presented for the Gtt
and Gbb models. Instead, the limits are shown in the BR plane. The two BRs used to define the
plane are the one to tt;Z(l) and bbf((l), with the assumption that the BR to tbﬁE equals one minus
the sum of these two. Each plot considers a single LSP mass, and for each BR point the highest
excluded gluino mass is shown. The expected (observed) results are presented in the instance of
m(x))=1, 600 and 1000 GeV in Figures 8.21(a) (8.21(b)), 8.22(a) (8.22(b)) and 8.23(a) (8.23(b)),

respectively.

For each of the three expected limit planes, the Br(g — Gbb) = 100% provides the highest
excluded gluino mass in the BR plane. This is in contrast to the observed limit plane, where
it is observed to be Br(g — Gtt) = 100%. This can be related back to the limits observed
in Figure 8.20, where the observed (expected) limit is weaker (stronger) than the expected
(observed) for Gbb (Gtt). For all LSP masses, the previous results of Ref. [164] had a strong
bias towards the Br(g — Gtt) = 100% BR for the largest excluded gluino mass. This seems to
originate from the particularly strong sensitivity to boosted models up to a LSP mass of 400 GeV
in the Gtt limit of Ref. [164], and not a lack of sensitivity to Gbb (Figure 8.20). However, there is
an overall observed minima in the Br(g — Gtb) = 100% BR, which is not observed in the results
obtained from this section. This is most likely because of the improved sensitivity originating

from the dedicated Gtb signal regions.

The greatest observed gluino mass limit for a LSP up to 600 GeV LSP, is observed to be ~ 2.25
TeV corresponding to the Br(g — Gtt) = 100% BR. For a LSP with mass 1.0 TeV, the gluino
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Figure 8.21: The (a) expected and (b) observed 95% CL exclusion limits on the gluino mass as a
function of the gluino branching ratio to Gbb (vertical) and Gtt (horizontal) models. Gluinos
not decaying to either the Gtt or Gbb mode are assumed to decay via Gtb instead. In this figure,
the neutralino mass is fixed at 1 GeV. The z-axis indicates the maximum excluded gluino mass
for each point in the branching ratio phase-space. The white lines indicate contours at mass
intervals of 50 GeV. Taken from Ref. [162].
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Figure 8.22: The (a) expected and (b) observed 95% CL exclusion limits on the gluino mass as a
function of the gluino branching ratio to Gbb (vertical) and Gtt (horizontal) models. Gluinos
not decaying to either the Gtt or Gbb mode are assumed to decay via Gtb instead. In this figure,
the neutralino mass is fixed at 600 GeV. The z-axis indicates the maximum excluded gluino mass
for each point in the branching ratio space. The white lines indicate contours at mass intervals
of 50 GeV. Taken from Ref. [162].
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Figure 8.23: The (a) expected and (b) observed 95% CL exclusion limits on the gluino mass as a
function of the gluino branching ratio to Gbb (vertical) and Gtt (horizontal) models. Gluinos
not decaying to either the Gtt or Gbb mode are assumed to decay via Gtb instead. In this figure,
the neutralino mass is fixed at 1000 GeV. The z-axis indicates the maximum excluded gluino
mass for each point in the branching ratio space. The white lines indicate contours at mass
intervals of 50 GeV. Taken from Ref. [162].

mass of 2.2 TeV corresponding to the Br(g — Gtt) = 100% BR can be considered excluded at
95% CL.

8.7 Conclusion

This chapter presents the results from the search for supersymmetry in final states containing
multiple b-jets and large quantities of Ep 55 The search follows a strategy of defining a series of
signal-enriched regions where selections are required on kinematic quantities. The thresholds of
the selections are optimised to maximise the statistical sensitivity in the gluino-lightest neutralino
mass plane. Each signal region has a corresponding ¢t control region, that is for the data-driven
normalisation of the dominant background contribution. Additionally, at least one validation
region has been defined for validating the extrapolation from a lepton-absent signal region to
a leptonic control region. No statistically significant deviations are observed in the validation

regions and thus, the background expectation techniques are deemed sufficient.

No statistically significant excesses were observed in the background-only or discovery fit strategies
and consequently model-dependent limits were set. For the Gbb (Gtt) simplified models, the 95%
confidence limit on the gluino mass, for a massless LSP, is 2.2 (2.27) TeV and the maximum
limit on the LSP mass is 1.25 TeV for a gluino mass of 1.85 (2.05) TeV. The final result from
this chapter is obtained from the model-dependent limits in the branching-ratio plane for the
decays of gluino to bl;)z(l), tf;{? and tl_))ﬁc / fb)ﬁc. The maximum exclusion limit is reached from
Br(g — Gtt) = 100% branching-ratio resulting in a limit on the gluino mass of 2.25 (2.2) TeV
for a LSP mass up to 600 (1000) GeV.
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Chapter 9

Search for SUSY Using a (Gaussian
Signal Shape

This chapter presents a novel methodology for searching for supersymmetry (SUSY). It makes
use of an arbitrary mathematical function to search for discrepancies in the data with respect to
the Standard Model (SM) expectation. The binned likelihood fit is performed for an observable
sensitive to beyond the SM processes. The results are then reinterpreted for events originating

from pair-produced gluinos decaying to multiple b-jets and E7' 55 final state.

9.1 Motivation

ATLAS SUSY searches are typically comprised of two components. Discovery - the search targets
the discovery of new physics. Fxclusion - in the event of no statistically significant excesses being
observed in the SM prediction, the search will proceed with setting limits on the SUSY signal
searched. To perform these, a series of signal regions (SRs) are defined by either using a single
bin (SB) or multiple bins (multi-bin, MB) of a distribution of an observable.

The SB defines a SR by a series of inclusive selections on kinematic observables, where the
threshold is commonly determined by the value that results in the highest expected significance.
Typically, this would result in the optimal selection being in the tail of the distribution, which
particularly benefits models with large mass splitting. Because of the lack of sensitivity to models
with small mass splitting, a SB approach is not optimal for excluding the greatest area of signal
phase-space. In ATLAS SUSY searches, the discovery strategy is performed only by the SB
approach. Ultimately, this results in a search with greater model independence, even though the

selection criteria are optimised for the specific SUSY signal.

The SRs of a MB approach are defined as the bins of an observable that is sensitive to BSM
processes. In ATLAS, the MB strategy is used only for exclusion because a signal shape would
be required to search for new physics in the SRs and because the choice of signal shapes is

arbitrary, it would be model-dependent. One way this can be rectified is by using a generic signal
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shape that describes a broad range of BSM models, termed “universal”. The MB approach is
better suited for exclusion than the SB because the differences in the shape of the signal and
background from the MBs of the distribution enhance sensitivity to softer events. It is for this

reason the MB has improved sensitivity to a broader range of models with small mass splitting.

Evidently, the SB and MB approaches seem best suited to discovery and exclusion, respectively,
however, there are further limitations to be considered. Firstly, when searching for new physics
with a SB in ATLAS, it is possible that any deviation, irrespective of whether it reflects the
expectation of a signal process, could contribute to a low p-value. This can be improved upon by
using a universal signal shape. This would require an excess of events to follow the signal shape

distribution and therefore, is more likely to have originated from a signal process.

When setting model-dependent limits on BSM signal processes, it is the process of how such
limits are derived that could be improved upon. For each BSM model in the available phase-
space, a likelihood fit calculates whether the model is expected to be excluded or not given the
experimental configuration, from which an exclusion contour is derived. This can be simplified
by setting the limit as a function of the shape parameter(s) and model-dependent limits on the
signal model phase-space can be interpolated from this. To do this, a universal signal shape

would be required.

Additionally, although the MB increases the model dependence with respect to the SB, the use
of the universal signal shape means that the analysis would be sensitive to any BSM signal
that can be described by the shape. Therefore, this would somewhat rectify the loss in model
independence and hence, could be classified as a semi-model independent strategy, whereas most

ATLAS SUSY exclusion limits have strong model dependence.

This chapter focuses on a novel method of using multiple SR bins with a binned shape fit for
both discovery and exclusion. To motivate this, Section 9.2 introduces the concept of mass
determination and how it relates to observables calculable for detecting SUSY signals. This is
then related to the effective mass (mqg) distribution, which is the observable chosen to define
the multiple SR bins. Also within Section 9.2, is a proof of the universality of the Gaussian
signal shape for pairs of strongly-produced gluinos SUSY models. The shape is characterised by

a two-parameter Gaussian distribution where the width is set to a constant value of 0.125.

The results of this search are interpreted with the models from the pair-produced gluinos decaying
to a multiple b-jet plus BT 55 final state, referred to as the strong multi-b analysis, presented in
Chapter 8. Hence, the results are compared to those obtained from a SB cut-based approach (CC)
and using the default ATLAS search strategy. Additionally, the same MC and data events are
used as well as the same background estimation methods, systematic uncertainty configuration
and analysis observables. Any differences with respect to the strong multi-b analysis are stated
explicitly where relevant. Section 9.3 defines the analysis regions (signal, control and validation)
in which the novel method will be performed. Section 9.4 clarifies the differences in the systematic
configuration between the strategy used in this section and the CC search. Finally, Section 9.5
presents the results of searching for new physics and setting cross section limits on the Gaussian

signal as well as the reinterpreted limits on pair-produced gluino decays. Comparisons are made
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with the SB strategy of the strong multi-b analysis.

9.2 Universal Shape of Strongly-produced SUSY Signals

If R-Parity Conserving (RPC) SUSY particles were to exist, one would want a model-independent
way to measure their properties. Made more complicated by the missing energy from two LSPs,
direct reconstruction of the SUSY event is not possible and hence, a technique to do that is
required. One such way would be to measure the SUSY mass scale (Mgyg,) [143, 168]. One way
this can be defined is by summing over the initial sparticles (p) in the event and taking the mean
of the SUSY particle masses (m

[168];

») weighted by their production cross section of each state (o))

true
M = — m
Otot

(9.1)

p'o—p‘

p 3 sparticles

In the limit of squarks or gluinos of a single mass dominating the production cross section,

Mstég;e = min(mga MaR) (9.2)

can also be used, which can be seen to equal Equation 9.1 [143]. Because the LSP remains
undetected, experimental observables can be insensitive to the true mass scale. Equation 9.1 was
found to break down for events when the mass difference between the parent and daughter SUSY
particles was similar. One way to solve this is to use the analogous relation for the transverse
momentum of a heavy SUSY particle (1) cascade decay, in the lab frame, to a lighter SUSY
particle (2) and a massless SM particle [168]. This is given by

1 m%
ppocg|m == ). (9.3)

my

Using Equation 9.3, the effective SUSY mass scale (Mfiy) for a non zero LSP mass can be
defined by

true?2 o m2 2 2 mg o m2
Jeh2-body _ Tsusy N mi—my g et 94
susy - Mtrue - m = M- ’ ( : )
susy 1 g

———

————
General 2-parameter Model RPC Gluino

for an arbitrary SUSY decay and for the simplified RPC gluino decay model used in this thesis.
Equation 9.4 accurately describes the M;§§§ for two-body squark decays, however, it was not
sufficient for three-body gluino decays [148]. Ref. [148] successfully extended the equation for

the effective SUSY mass scale to accommodate a n > 2 body decays, calculated by
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true true2 2 2

eff. n-bod (n - 1)*Zw'susy - \/Msusy + (n - 2n)m>~<0

M2 V= L % General
susy n_2

(9.5)
(n—1)my — \/m% + (n® — 2n)m3

= . ¢ 2-parameter Model
n—2

Equation 9.5 assumes that the decay products are distributed isotropically. In the event of

three-body decay, such as simplified RPC gluino decays, Equation 9.6 can be used;

Mf&g“bOdy = 2m; —\/m] + 3mj
= 2mg — \/mg + 3m;(1).} RPC Gluino

The Gtt and Gbb signal processes of Section 8.1 are three-body decays and so Figure 9.1 presents

the values of Mselifg'b()dy for the Gtt and Gbb model phase-space respectively.

(9.6)
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Figure 9.1: Distribution of the M;f&;”'b‘)dy as a function of the SUSY model parameters for the
(a) Gtt and (b) Gbb signal processes.

The distributions present the lowest effective SUSY mass scales are those where the gluino and
LSP mass are similar and peaks for models with a massless LSP and the highest gluino mass in
the parameter-space. Between these two regions, the values transition linearly from the diagonal,

describing the kinematically forbidden region, to the boosted signals with a massless LSP.

With the LSP always escaping the detector, true invariant mass peaks are not possible in RPC
SUSY [24]. However, the Gaussian nature of the m.g has previously been observed for constrained
MSSM and individual simplified squark and gluino models in Refs. [148, 169]. For this reason,
it was expected that a Gaussian signal shape could describe the gluino signals introduced in
Section 8.1 for the m. g observable. The m.g is also of interest because of its particular sensitivity
to inclusive gluino production and hence why it was used for the multiple SR bins of the search
performed in Ref. [164].
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Note, all figures presented until Section 9.3, where specific analysis regions are defined, are
produced with the event preselection defined in Section 8.3.5 without a requirement on the lepton
multiplicity. Each Figure will also indicate whether it includes all the signal models introduced

in Section 8.1, i.e, inclusive gluino production, or a specific gluino decay process, such as Gtt.

By plotting all the off-shell strong SUSY signals named Gbb, Gtt and Gtb, introduced in
Section 8.1, for the m.g distribution and subtracting the mean for each histogram, it was
observed that the signal shape was in fact log-normal. Subsequently, for each gluino signal, a
three-parameter Gaussian function was fitted to the log 10(m.g) distribution in the absence of
SM backgrounds. Figure 9.2 shows the log 10(m,g) ditribution after normalising it to unity and
subtracting the fitted Gaussian mean (ug) from each entry in the histogram to centre the peak
of each signal to zero. The figure is shown for an assortment of kinematic scenarios of Gtt and

inclusive gluino production processes.
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Figure 9.2: The log 10(m.g) distribution normalised to unity and centred by the fitted Gaussian
mean. The signals included are an assortment of forty signal processes of varying mass differences
between the gluino and lightest neutralino from the (a) Gtt (b) inclusive (Gtt, Gtb, Gbb)
phase-space in Section 8.1. The minimum mass splitting included is Am = 2my,, = 355 GeV.
Each signal follows a normal distribution with a similar Gaussian width (og).

Evidently, one can visually observe the universal Gaussian shape for various strong production
processes and for various event kinematics (labelled boosted, moderate and compressed following
the terminology used in Chapter 8). It is for this reason that the quantity used for the multiple SR
bins of this search is log 10(mg). However, the deviations originating from the compressed signals
in the tails of the right-hand-side of Figure 9.2 warrant further discussion. For these models, the
ISR jet becomes significant compared with the gluino decay products in the m.g distribution.
Consequently, the detector signature of the signal seems similar to Z(— vv)+jets, which falls
monotonically with increasing m.g. This process explains the small deviations observed in the
tails of the distributions. This is exacerbated for compressed Gbb signals because the process
can have a minimum mass splitting much lower than for Gtt; Am = 20 GeV compared to
Am = 2my,, = 355 GeV. Figure D.1 of Appendix D.1 shows an equivalent distribution for Gbb
signal processes with Am = 20 GeV. Not only is the shape affected by the event kinematics but

these models also predict very few events and thus large fluctuations occur.
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Figures of the fitted Gaussian mean (10"%) and the three-body effective SUSY mass scale and

the fitted Gaussian width (o) and fitted Gaussian mean can be seen in Figure 9.3.
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Figure 9.3: (a) Shows the fitted Gaussian mean as a function of the three-body effective SUSY
mass scale and (b) shows the fitted Gaussian width as a function of fitted Gaussian mean. The
model points used are all Gbb, Gtb and Gtt signals from Section 8.1. The size of the squares
represent the event count in each bin.

Figure 9.3(a) shows a strong positive correlation between the three-body effective SUSY mass
scale and the fitted mean of the Gaussian. It is therefore said to be a quantity that is sufficiently
accurate for mass determination [148]. Figure 9.3(b) shows an almost-constant value for the fitted
Gaussian width and thus, for this model phase-space, the Gaussian width can be approximated
by a single value. The significant deviations from the strong linear patterns in both figures
originate from the very compressed1 models. So it can be concluded that the Gaussian shape
in the log 10(m.g) distribution is approximately universal for a fixed width for gluino-produced
SUSY scenarios with this detector signature, except for those with extremely small mass splitting
(Am <20 GeV).

Earlier in this section, it was stated only Equation 9.6 was applicable to estimate the SUSY
mass scale for three-body decays [148]. To assess the differences between the mass reconstruction
equations for two- and three-body decays, Figure 9.4 shows the fitted Gaussian mean plotted for
the two equations in addition to linear regression been performed to the signal MC, following

what was performed in Ref. [148].

It is observed in Figure 9.4(a) that the two-body equation does sufficiently reconstruct the
mass of the SUSY particles in contrast to what was observed in Ref. [148]. However, visually,
the three-body equation produces a smaller variation around the fitted linear function and
consequently has an improved y?/Ny.s. For this reason, Msefsy will only refer to M:&;’b(’dy from

this section onward.

To extract a chosen value of the fixed Gaussian width from Figure 9.3(b) to be used in the

likelihood fits in Section 9.5, linear regression was performed to the 10"%-o plane for all signal

1Naming originates from the region definition used in Ref. [1] to target Gbb models with mass splitting
<20 GeV.
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Figure 9.4: A comparison of the fitted Gaussian mean against the (a) two- and (b) three-body
effective SUSY mass scales with linear regression performed to the MC. The size of the squares
represent the event count in each bin.

from Section 8.1. These can be observed in Figure 9.5 with signal combinations of varying
mass splitting scenarios, inclusive or only Gtt SUSY signals, in addition to those motivated by

pure-higgsino LSP 2 signals.

In the first instance, one would expect the y-intercept of the linear function to be the best
descriptor of the universal width. Figure 9.5(a) presents the 10"“-o plane for inclusive strong
gluino production signals with no restrictions on the event kinematics. It is evident that the
anomalies decrease the quality of the fit with an observed poor X2 /Ngor and a y-intercept that
visually seems too high to describe most of the data. This can be improved by first removing the
very compressed models, which the Gaussian approximation is expected to break down for. The
result of this can be seen in Figure 9.5(b). Secondly, it can be improved by reducing it to only
Gtt models, which the Gaussian approximation is expected to best describe and can be seen in
Figure 9.5(c). Here, the y-intercept is observed to be 0.131 £ 0.003 that still visually seems too
high to represent the average of MC. Instead, a better representation seems to be the average of
the fitted Gaussian widths, (o), which across all Figures in Figure 9.5, is roughly ~ 0.11. In
this instance, compressed SUSY models with smaller fitted Gaussian means are not accurately
described by this and therefore, it was justified that a value of 0.125 would be best to describe
most of these RPC gluino models. Additionally, a non-optimal width for a given set of models
does not invalidate the method but is instead reflected in the reduced statistical sensitivity to

them.

To further validate the Gaussian approximation with the chosen fixed width, the X2 /Nyofs
originating from a Gaussian fit with a fixed width of 0.125 to each signal MC, is plotted as a
function of the SUSY mass scale. This can be seen in Figure 9.6 for inclusive and Gtt RPC
SUSY gluino decays.

% Allowed to have a gluino mass between 2200-2600 GeV and LSP mass between 1000-1200 GeV, as motivated
by Section 3.8.3.
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Figure 9.5: Plots of the fitted Gaussian width (o) against fitted Gaussian mean (10"¢) with
a linear fit performed for a combination of signal and kinematic scenarios. The plot will be
either inclusive gluino SUSY production (Gtt, Gtb and Gbb) or Gtt only. Because the Gaussian
approximation breaks down for very compressed (VC, Am < 20 GeV) models, Figure 9.5(b)
removes these models. In Figure 9.5(d), only signals motivated by pure higgsino dark matter
are included. The pure higgsino-motivated signals were allowed to have a gluino mass between
[2200—2600] GeV and LSP mass between [1000—1200] GeV. The size of the squares represent
the event count in each bin.
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Figure 9.6: The XQ /Ngot from the fitting a two-parameter Gaussian function (floating mean and
normalisation and a fixed width with value 0.125) to each (a) inclusive and (b) Gtt RPC SUSY
gluino signals as a function of the SUSY mass scale. The size of the squares represent the event
count in each bin.

The expected X2 /Ngot for each model should be between zero and one because the signal MC
was produced with a luminosity greater than that used in the analysis3. For a given signal model,
the statistical uncertainty assigned to each bin in the log 10(m.g) distribution will be smaller due
to the scaling of the event count to the analysis luminosity. When calculating the X27 each bin
of the distribution contributes a term with the correct denominator for 139fb™* but a smaller
numerator if the Gaussian model is a good approximation to the signal MC. This is because of
the reduced scatter of the MC around the Gaussian function for 139fb™ "and hence, a X2 value

would be expected to be < 1.

Few signals have high (i.e > 1.0) X2 /Ngof and the majority are between 0.0 and 0.2 suggesting
the fitted Gaussian function with the chosen fixed width is a sufficient approximation to the
signal simulation. Table 9.1 presents an explicit breakdown of signals with X2 /Ngos > 3. Tt is
noticeable that the gluino mass does not exceed 1.6 (1.5) TeV for Gbb (Gtt) however, Gbb seems
to have the largest composition of signals with large X2 /Ngof-

9.3 Analysis Regions and Background Estimation

The largest contributing factor to the statistical sensitivity of a CC approach is the signal region
optimisation procedure. With this being a novel method, the primary goal of this chapter was to
validate the strategy and hence a series of highly optimised SRs was not performed. However,
the expected increase in statistical performance from the MB approach permitted the use of a
simplified SR selection criteria. The selection criteria were chosen to include observables that
are physically well understood and have kinematically motivated properties whilst preferably

using “low-scale” thresholds, that is, selection thresholds on observables that are not selecting

3See Figure C.1 of Appendix C.1.
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m(g, X)) [GeV] (Mg

Gtt

susy

[GeV])

Gbb Gtb
m(g, ¥7) [GeV] (Méx, [GeV])  m(7,X7) [GeV] (Mg, [GeV])

1100,1 (1100)
1100,200 (1045
1100,400 (900.0
1100,600 (686.7
1100,745 (504.4

1200,1 (1200)
1200,200 (1151)
1200,400 (1014)
1200,600 (812.5)
1200,800 (567.0)
1200,845 (507.4)

1300,1 (1300)
1300,200 (1255)
1300,400 (1127)
1300,600 (935.7)
1300,800 (700.0)

1400,1 (1400)
1400,200 (1358)
1400,400 (1238)

1500,1 (1500)

NN e

1100,1 (1100) 1100,1 (1100)
1100,1000 (148.2) 1100,600 (686.7)
1100,200 (1047) 1200,1 (1200)

1100,400 (900.0) 1200,600 (812.5)
1100,600 (686.7) 1300,1 (1300)
1100,800 (430.8) 1300,600 (935.7)
1200,1 (1200) 1400,1 (1400)
1200,1000 (292.9) 1500,1 (1500)
1200,200 (1151) 1600,1 (1600)
1200,400 (1014)
1200,600 (812.5)
1200,800 (567.0)
1300,1 (1300)
1300,1000 (434.4)
1300,200 (1255)
1300,400 (1127)
1300,600 (935.7)
1300,800 (700.0)
1400,1 (1400)
1400,1000 (572.9)
1400,1200 (294.0)
1400,200 (1358)
1400,400 (1234)
1400,600 (1056)
1500,1 (1500)
1500,200 (1461)
1500,400 (1348)
1500,600 (1175)
1600,1 (1600)
1600,200 (1563)
1600,400 (1456)

A~~~ —

Table 9.1: Strongly produced SUSY models and their corresponding Msefsy, which resulted in a

X2 /Ngor > 3 from fitting a two-parameter Gaussian function with a fixed width. The signals are
classified by the decay of the gluino.
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deep into the tail of the distributions. An example of an observable satisfying these requirements
b—jets
T,min *

b—jets
T,min

physically-motivated threshold and thereby does not require optimisation, in addition to being

would be the m Because of the kinematic endpoint of the top quark, m has a
highly effective at reducing the dominant ¢¢ background. One could also include dimensionless
quantities, which avoid sculpting the signal shape. Observables where large increases in the
sensitivity to compressed signal models are particularly beneficial, but validation of the Gaussian
approximation in this subsequent region should be performed. The signal regions of this search

were defined with this philosophy.

Because this is a research and development (R&D) study, only signal regions where leptons
are absent were considered. However, as will be shown later, the leptonic CC Gtt regions
have greater sensitivity to the Gtt model-space than the zero-lepton and so, this is an area for
improvement in this search. In addition to the zero-lepton preselection requirements introduced
in Section 8.3.5 and the mbT_rfEf selection, the remaining observables used in the signal region
optimisation were Ni(, Np,_jor and By 5 /m g. Figures presenting each of these observables for a

zero-lepton preselection can be seen in Figure 9.7.
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Figure 9.7: Plots of the quantities used to define the signal regions with a zero-lepton preselection
with Gtt signals m(g, Y1) = (1400,1000), (1600,1200), (2000,1200) overlayed. Only statistical
uncertainties are included and the plots are blinded in bins of low data statistics.
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miss

The selections on Ep > /meg and Ny_jy were chosen to be > 0.25 and > 4, respectively, to
increase the sensitivity to the signal whilest remaining low-scale. One notable exception to the
low-scale selection strategy is the relatively high threshold chosen for the jet multiplicity (> 10)
for one signal region. This has been implemented because of the dramatic increase in sensitivity
to compressed Gtt models, which is the main kinematic phase-space of interest for this method.
The closure tests, presented in Section 9.7, show that the Gaussian signal approximation holds
with this selection. An additional signal region with a looser jet multiplicity selection (> 4 jets),
named “SR-4j”, which is sensitive to the Gbb signals, has also been defined. The definitions of

the optimised signal regions can be seen in Table 9.2.

Signal, Control and Validation Regions
Criteria common to all regions: Ny,_j¢¢ > 4, ET™ /mg > 0.25

. 47 b—jets
Reglon Type ]\fbauselime7 leptons ]\fsignal7 leptons A¢min ]Vjet mr [GBV] mT,min [GGV]

SR =0 - >04 >10 - > 175

SR-4j =0 - >04 >4 - > 175

CR - >1 — >4 < 80 <175
VR-0L-MTB =0 - >04 >7 - <175
VR-1L-MT - > 1 - >7 < 80 > 175
VR-1L-MTB - >1 — >7 - <175
VR-4j-0L-MTB =0 - >04 >4 - <175
VR-4j-1L-MT ~ >1 — >4 < 80 > 175
VR-4j-1L-MTB ~ >1 — >4 - <175

Table 9.2: The definitions of the shape fit analysis regions, all of which are binned in log 10(mgg).
The regions can effectively be categorised into high and low (given the name “4j”) N regions,
which are sensitive to the Gtt and Gbb signal processes, respectively. The selections for each
equivalent high and low Nj; SR and VR are the same except for the threshold on the Njs. Only
one control region is defined, which is used for normalisation of the ¢¢ background in each signal

and validation region.

The selection criteria of each analysis region is applied to events binned in the log 10(m.g)
distribution with the binning defined in Table 9.3. The range of the binning was optimised in

accordance with the requirement on the number of data events in each bin for the CR.

Bin Number | 0 1 2 3 4 5 6 7 8
log 10(meg/GeV) | [2.9,2.95] [2.95,3.0] [3.0,3.05] [3.05,3.1] [3.1,3.15] [3.15,3.2] [3.2,3.25] [3.25,3.3] [3.3, o]

Table 9.3: All analysis regions are binned in the log 10(m.g) distribution, where the binning is
defined in this table. Each region has a total of nine bins, ranging from 2.9 to 3.3 log 10(m.g/GeV),
where the final bin is inclusive beyond 3.3 log 10(mg/GeV).

The background estimation strategy is almost the same as Chapter 8. For each SM background
process, the same background estimation technique is used except for the multi-jet background.
The multi-jet background is estimated with di-jet MC because of the almost-negligible contribution
in the zero-lepton SRs of Chapter 8 and the inability to implement the method. The kinematic

reweighting of events including leptons is also used because of the improvement in the modelling
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of the m.g distribution. The reweighting scale factors are derived in dedicated reweighting
b—jets
T,min

this phase-space, it has been argued this reweighting is still valid.

regions where m < 350 GeV and because the CR of this analysis also occupies an area of

The tt background is estimated using a dedicated 1L control region (CR), which ensures or-
thogonality with the SR. The likelihood fit has nine ¢t normalisation factors for the nine SR
(CR) bins and are fitted simultaneously. Compared to the SB strategy, using multiple SR bins
particularly benefits when using the transfer factor method for background estimation [102]. This
is because a MB analysis can use the difference in the shape of data and MC which the single-bin
cannot. Therefore, any shape-dependent background systematic uncertainties can be constrained.
A minimum of one data event was required in each of the CR bins. A selection on m and an

b—jets

T min 1€ included to enhance the tt

inverted selection with respect to the SR requirement on m
purity in the region. Figures of the post-fit log 10(m.g) distribution for the SR and CR analysis
regions can be seen in Figure 9.8. An additional figure presenting the CR pre-fit is also included.
All post-fit yields were obtained from a background-only fit and extrapolated into the relevant

signal or validation region. The results of this fit are presented in Appendix D.6.

It could be argued, the data-to-MC ratio in the CR has sufficient agreement within the total
uncertainty band except for the [3.05,3.1] log 10(m.g/GeV) bin. An investigation into this
disagreement found discrepancies originating from the highest pr jet (225 < pp < 250 GeV,
2 < ¢ < 3rads, |n| <1), highest py lepton (25 < pp <90 GeV, |n| < 0.3) and the MC generally

miss

underpredicting the data for the E " observable. The origin of the cause is yet to be determined.
Figures presenting the investigation into this discrepancy can be found in Appendix D.2. Because
the remainder of the background expectation is in agreement with the data within the total
uncertainty, this discrepancy is considered an anomaly and therefore, it has been argued to
justify the CR definition. As expected, the tf background dominates all the CR bins. The signal
contamination is low in most bins except for the final inclusive bin [> 3.3, 00| log 10(m.g/GeV),
where it is ~ 30%.

Three validation regions (VRs) were defined with a high (low) Nje, selection; VR-0L-MTB
(VR-4j-0L-MTB), VR-1L-MT (VR~4j-1L-MT) and VR-1L-MTB (VR~4j-1L-MTB), corresponding
to the high (low) N, SRs. The naming convention indicates the number of leptons required
(nL), whether there is a reduced Njo, > 7 —> 4 threshold (inclusion of “4j”), and the observable

which is inverted relative to the SR definition, where MT and MTB are the quantities m and

mlff_ifitrf, respectively. The zero-lepton VR is designed to validate the extrapolation from the one-

lepton CR to the zero-lepton SR. The remaining two one-lepton VRs validate the extrapolation

of the additional two inverted observables used in the CR, mt and m?r_rjrf’f; , respectively. No

requirements were placed on the number of data events in the VRs; however, it was preferable
that the majority of VR bins had at least one data event whilst maximising the Nj; threshold
to be as close to the SR as possible. Figures of each VR for the log 10(m.g) distribution can be

seen in Figures 9.9.

The data-to-MC ratio is in agreement in most bins of the log 10(m.g) distribution, in particular
for all high Nje, VRs, of which the VR-1L-MT has the lowest background expectation. The
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Figure 9.8: All the post-fit signal and control regions - SR, SR-4j and CR (as defined in Table 9.2)
plotted in the log 10(m.g) distribution with the binning defined in Table 9.3. An additional plot
for the pre-fit CR is also included. All regions have Gtt m(g, ¥}) = (1400,1000), (1600,1200),
(2000,1200) overlayed, except SR-4j, which has Gbb signals with the same mass parameters.
The bottom pad indicates the ratio of the data to total Standard Model background in each
bin. For (d) the bottom pad corresponds to the t¢ normalisation factors for each bin. The
systematic configuration of Section 9.4, which includes all systematic and statistical uncertainties,

is included.



9.3 Analysis Regions and Background Estimation

157

Events

Data/SM

Events

Data/SM

Events

Data/SM

.

2 L 50 A S R S R A

i | %
Single-top [ W+jets
_ 5 B Z+ets I Diboson
Vs=13TeV, 139 fb B Multi-jet 44« SM Total

= Gtt 1400 1000 == Gtt 1600 1200
= Git 2000 1200 @ Data

VR_OLMTB

D I\ AT ANRTET NI ARMTTTY INRTT

: T T T T T T /i/ T T3
z
7 7
E L L . L (8 4 .
9 295 3 305 31 315 32 325 33 335
Iogm(me'f/GeV)
(a) VR-OL-MTB
T T T
i Single-top
| % 0 WHets
. Il Diboson I Multi-jet
Vs =13TeV, 139 fo* W Z+ets 444 SM Total

= Gtt 1400 1000 == Gtt 1600 1200
~ Git 2000 1200 ¢ Data

VR_1LMT

b ) A
A Z Z A,
.
02.9 2.;)5 é 3.&)5 3j1 3,;L5 3:2 3..25 3:3 3.35
log, (m_/GeV)
(¢) VR-1L-MT
T T
i [ [
Single-top [ W+jets
M Z+jets Il Diboson

{s=13TeV, 139 fo™*
VR_1LMTB

[ Multi-jet %%+ SM Total
— Gt 1400 1000— Gt 1600 1200
— Gt 2000 1200 @ Data

[N

s

RN

0
29 295 3 305 31 315 32 325 33 335

Iogm(me"/GeV)

(e) VR-1L-MTB

Events

Data/SM

Events

Data/SM

Events

Data/SM

10°
104

10°

T
i v

Single-top M z+jets
_ " 0 WHets [l Diboson
V5 =13TeV, 139 fo I Multi-jet %%+ SM Total

= Gbb 1400 1000—— Gbb 1600 1200
~—— Gbb 2000 1200 @ Data

VR_4j_OLMTB

2 :/ . A %
e 2 @G ©$V
Nl szt
29 295 3 305 31 315 32 325 33 335
log._(m /GeV)
100 eff
(b) VR-4j-0L-MTB
T T T
" | I3 Single-top
10 | % 0 wHets
. M Diboson M z+jets
10° Vs =13TeV, 139 fo* B Multijet %44 SM Total

~—— Gbb 2000 1200=— Gbb 1600 1200
= Gbb 1400 1000 @ Data

VR_4j_1LMT

e

2F

N

o

29 295 3 305 31 315 32 325 33 335

log._(m /GeV)
10 eff
(d) VR-4j-1L-MT

5 T T
10 i M v
10 Single-top 0 WHets

R M Diboson M z+jets
15 =13 TeV, 139 fb* 1 Mutiet 4%+ SM Total
10° VR_4j_1LMTB ~— Gbb 2000 1200== Gbb 1600 1200
= Gbb 1400 1000 @ Data

102

102

A

-

D

INY=]

.9

2.95 3 305 31 315 32 325 33 335
Iogm(me"/GeV)

(f) VR-4j-1L-MTB

Figure 9.9: All the post-fit validation regions - VR-0L-MTB, VR-1L-MT, VR-1L-MTB, VR-4j-
OL-MTB, VR~4j-1L-MT and VR-4j-1L-MTB (as defined in Table 9.2) plotted in the log 10(m.g)
distribution with the binning defined in Table 9.3. All regions have Gtt m(g, )Z?) = (1400,1000),
(1600,1200), (2000,1200) overlayed except 4j VRs, which have equivalent signals but for the Gbb
final state. The bottom pad indicates the ratio of the data to total Standard Model background
in each bin. The systematic configuration of Section 9.4, which includes all systematic and
statistical uncertainties, is included.
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log 10(meg/GeV)  [2.9,2.95] [2.953.0] [3.0,3.05] [3.053.1]  [3.1,3.15] [3.1532] [3.2,325] [3.2533] [3.3— oo

Observed events 0 0 0 0 1 0 0 0 0
Fitted background  0.127033  0.27793%  0.387042  0.5370% 0.324+0.30 0.1975% 0294019 0.18+0.17 0.08+0.08
tt 012407 0.255037 0277057 05175080 0277037 010205 0194016 014007 0035053
Single top <001 <001 00279%  <o0.01 <0.01 003700 0037555 0.0279%% 0.02+0.01
4+ X <0.01 0027005 0.0450%% 0035005 0.04750F 0.031305  0.06+£0.05 <001  0.0155%
W+jets <001 <00l <00l <0.01 <001 <001 < 0.01 <0.01 <0.01
Ztjets <001 <001 004739  <o001 <0.01 0.0370:08 <0.01  0.0150%%  0.02755
Diboson < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Multijet <00l <001 <00l <001 <001 <001 <0.01 <0.01 <0.01
Pre-fit background 0.10 0.26 0.34 0.32 0.22 0.17 0.27 0.11 0.15

Table 9.4: The table presents the observed number of events and the predicted background
yield after the fit for the signal region SR. The values are obtained from extrapolating the
background-only fit results (Appendix D.6) to this region. The background category tt + X
includes ttW/Z, ttH and tttt events.

log 10(mg/GeV) [2.9,2.95] [2.95,3.0] [3.0,3.05] 3.053.1]  [3.1,3.15]  [3.1532]  [3.2,3.25]  [3.25,3.3] [3.3 = o
Observed events 49 37 22 18 12 3 1 0 2
Fitted background 41.57 £15.15 26.82+£9.61 17.724+570 1695591 7.934+3.24 4534187 2754115 1.854+0.83 1.01+0.40
tt 30.54 +14.82 19.02+£9.10 12.824+5.37 12.86+£5.97 501+3.09 2.79+1.73 1.39+1.07 1134078  0.197075
Single top 238+£1.06 1724055 1.084065 1.03+£034 0774019 046+0.15 0.46+0.13 0244008 0.30=+0.18
t+ X 3204175 2324128 200+1.07 159+085 0914048 043+024 0.37+£023 0114+0.08 0.15+0.14
Wjets 1.67+1.11 0954066 0.47+0.32 0.1870% 0314017 0.19+£0.10 0.07£0.03 0047939 0.067507
Z+tjets 326117 232+1.08 1244068 1.07+£040 0574030 0.66+031 0.30+£0.13 0.29+022 0.26=+0.11
Diboson 0.44+0.24 0.48+0.27 0117531 0.2340.14 0.36+0.18 <001  0.16X01% 0.0440.02 0.06+0.04
Multijet <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Pre-fit background 36.33 25.79 15.83 11.52 6.24 3.75 2.64 1.36 141

Table 9.5: The table presents the observed number of events and the predicted background
yield after the fit for the signal region SR-4j. The values are obtained from extrapolating the
background-only fit results (Appendix D.6) to this region. The background category tt + X
includes ttW/Z, ttH and tttt events.

equivalent VRs with looser Nje thresholds show similar trends in the data-to-MC ratio, albeit
with increased data statistics as expected. Mismodelling is present in the first two bins and
[3.05,3.1] log 10(m.g/GeV) bin of VR-4j-1L-MT, albeit compatible within the total uncertainty.
The observed signal contamination in each region follows similar to what was observed for the
CR, however, in general, the signal contamination is higher - reaching a maximum in the final

inclusive bin [> 3.3, 00] log 10(m.g/GeV), where it is > 100%.

The final important selection to validate is the Njo > 10 threshold in the SR. To do this, the
three high Nj,; VRs, defined in Table 9.2, were adjusted to require this jet multiplicity. These
VRs are plotted for the log 10(m.g) distribution in Figure D.6 in Appendix D.3. These predict,
as expected, very few Monte Carlo and data events and hence, why the selection was not used.
However, the data-to-MC ratio could be argued to be satisfactory in the zero-lepton VR given
the extremely low data statistics. Whereas, there are too few events in the one-lepton VRs to

comment on the modelling of the data by the MC.

The numerical values for the post-fit expectation from each SM background and the data for

each signal and validation region in Figures 9.8(a)-9.9(f) can be seen Tables 9.4-9.11.
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log 10(m,g/GeV) [2.9,2.95] [2.95,3.0] 3.0,3.05) 3.05,3.1] [3.1,3.15]  [3.153.2]  [3.2,3.25]  [3.25,3.3] [3.3 = oo
Observed events 74 48 40 20 11 2 5 3 0
Fitted background 63.70 = 20.57 42.39 +15.88 32.81+11.55 26.75+£9.61 13444557 7.3243.36 3.25+1.88 2924170 0.70 % 0.55
tt 57.07+£20.58 384241504 2879+11.46 23.92+945 11854553 6.78+£3.36 2704186 241+1.67 0317942
Single top 1.73+£1.29 0381082 1114046 084+£020 0414013 0214006 0154005 0167018 0.13+0.07
tH+ X 3.68+195 293+157  1.96+1.05 153+£0.82 0.81+048 0277 0% 0.36+£0.27 0.14+0.12 0.08+0.06
W-tjets 0.89 4 0.74 0341030 051+0.34 0.1359019 0225928 004759 0017057 01283%  0.087000
Ztjets 0.34707% 0227039 043+0.17 0.33793%  0.134£0.10  0.02700 0.03£0.02 0.0940.03 0.02+0.01
Diboson <001  0.0940.05 0.02907 <0.01  0.04+0.02 <0.01 <0.01 <001 00894
Multijet <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Pre-fit background 54.04 40.25 28.64 16.69 9.45 5.44 3.04 1.87 1.39

Table 9.6: The table presents the observed number of events and the predicted background yield
after the fit for the validation region VR-OL-MT. The values are obtained from extrapolating
the background-only fit results (Appendix D.6) to this region. The background category tt + X
includes ttW/Z, ttH and tttt events.

log 10(meg/GeV) (29,295  [2.953.0] [3.0,3.05]  [3.053.1]  [3.1,3.15]  [3.153.2]  [3.2,3.25]  [3.253.3] [3.3 — oo
Observed events 2 6 6 1 2 2 0 1 0
Fitted background 3.76 £ 1.51 3414205 3.56+1.65 3.10+1.77 2994113 2184092 0.99+0.51 0.85+0.47 0.40+0.19
t 321+1.40 2994203 261+149 249+156 2.14+1.03 1.69+087 0.68+049 0.62+045  0.107515
Single top 0.147017 0.26+0.17 0.36+£0.27  0.19703 0.624+049 0.18+0.11 021+0.07 0.15+0.08 0.18+0.09
th+ X 0.38+£025 0177018 0504+0.32 0.33+£0.20 023+0.15 023+£0.15 010£0.07  0.027055 0.07+0.05
Wjets <0.01 <0.01 0.08+0.04 0.09=£0.08 <001 0.08+0.04 000703 0.04+0.03 0.04+0.02
Z+jets <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Diboson 0.03 = 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <001  0.0373% <0.01
Multijet <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Pre-fit background 3.22 3.25 3.17 2.06 2.27 1.71 0.94 0.59 0.62

Table 9.7: The table presents the observed number of events and the predicted background yield
after the fit for the validation region VR-1L-MT. The values are obtained from extrapolating
the background-only fit results (Appendix D.6) to this region. The background category tt + X
includes ttW/Z, ttH and tttt events.

log 10(meq/GeV) [2.9,2.95] [2.95,3.0] 3.0,3.05] [3.05,3.1] [3.1,3.15]  [3.15,3.2]  [3.2,3.25]  [3.253.3] [3.3 = o9
Observed events 31 19 23 20 9 11 2 4 1
Fitted background ~ 21.47 +8.94 21.30+7.48 16.47+5.83 20.71+7.57 11.10+4.64 7.65+343 3.65+2.15 3.62+2.15 0.99+0.84
tE 19.72£879 18754738 1513+£5.80 19354748 10434461 6694332 3114214 333+£215  0.63705;
Single top 0.36+0.33 1.17+0.65 0.161%2 0214016 0104005 0194017 0.14+0.12 0.11+0.05 0.10+0.05
t+ X 1234073 1.31£0.82 1.07+0.62 0.84+049 0.56+0.38 0454026 0264019 0.12+0.07 0.2240.13
W-jets 0.167939 0.061908 0.10131  0.30+£0.24 <001 020£0.09 0124009 0.03+0.02 0.020.01
Ztjets <001 0.01£0.01 < 0.01 <0.01 0.027557  0.1240.09 0.01+0.00 0.01+0.00 < 0.01
Diboson <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0024001  0.02755 0.0240.01
Multijet <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Pre-fit background 18.16 20.24 14.26 12,57 7.59 5.79 3.41 2.17 2.38

Table 9.8: The table presents the observed number of events and the predicted background yield
after the fit for the validation region VR-1L-MTB. The values are obtained from extrapolating
the background-only fit results (Appendix D.6) to this region. The background category tt + X
includes ttW/Z, ttH and tttt events.
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log 10(mg/GeV) [2.9,2.95] [2.95,3.0] 3.0,3.05] [3.05,3.1] 3.1,3.15] [3.153.2]  [3.23.25] [3.253.3] [3.3 = oo
Observed events 172 103 61 50 16 4 7 3 0
Fitted background 154.07 £ 65.75 87.47£37.14 57.61+£20.62 45.81+£17.10 20.93+£9.82 10.18+£519 4124265 3.66+2.15 0.81+0.59
t 137.68 £ 65.60 77.04+£35.67 50.03£20.45 40.72+£17.05 18504955 932519 344+£263 3.054+213 0351033
Single top 4874157 2064143 2204066  1.74+0.67 054102  0.33+£0.13 022£007 01670715 0.13+0.07
t+ X 7534391 5124265 2974159 2314125  1.16+0.65 0.36793% 0364022 0.21+0.13 0.08+0.07
Wjets 1.68+£0.69  148+106 1.13+0.78 0.451051 0.23103% 0.04%00% 0017007 012793 0.12%0%)
Z+jets 2084086 1414095  1.01+£040  0.60+0.37 0407578 0.134£0.08 0.08+0.05 0.11+£0.05 0.07+0.03
Diboson 0.22793%  0.36+0.25 0.2879%8 <0.01 0.10=0.09 <0.01 <0.01 <001  0.089%%
Multijet <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Pre-fit background 130.51 83.29 50.28 28.65 14.68 7.57 3.85 2.32 1.58

Table 9.9: The table presents the observed number of events and the predicted background yield
after the fit for the validation region VR-4j-0L-MT. The values are obtained from extrapolating
the background-only fit results (Appendix D.6) to this region. The background category tt + X
includes ttW/Z, ttH and tttt events.

log 10(1megq/GeV) [2.9,2.95] [2.95,3.0] [3.0,3.05]  [3.053.1]  [3.1,3.15 [3.1532] [3.2,3.25]  [3.253.3] [3.3 — o]
Observed events 31 23 13 7 5 3 0 3 0
Fitted background 21.23+6.18 14.04+6.09 10.34+3.69 8.64+3.00 6.11+2.15 3.94+1.47 1.86+£0.86 1.30+0.72 0.77+0.31
tt 17.26£6.22 11.78+£5.87 7.58+3.24 6.82+£2.85 411+1.8) 280+£142 120+088 091+063  0.1875%
Single top 2144080 0934061 1314058 0.63+£061 1.09+058 0.69+£022 0474016 0.28+012 0.38+0.16
t+ X 156108 092+071 103£0.65 0.66+£0.50 048+£0.30 036+£0.22 014012  0.04°33 0.09£0.07
Wjets 0.18701% 0.387 058 0427550 050+044 0237539 0.09+0.05 0054003 0.05+0.05 0.12+0.06
Z+jets 0.031903 0.0310:03 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Diboson 0.05 £ 0.03 0.0175:08 <001 0.02+001 020+0.11 <0.01 <001 003108 <0.01
Multijet <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Pre-fit background 18.30 13.43 9.22 5.78 472 3.15 177 0.91 115

Table 9.10: The table presents the observed number
after the fit for the validation region VR-4j-1L-MT. The values are obtained from extrapolating
the background-only fit results (Appendix D.6) to this region. The background category tt + X
includes ttW/Z, ttH and tttt events.

of events and the predicted background yield

log 10(meg/GeV) 2.9,2.95] [2.95,3.0] 3.0,3.05] 3.05,3.1] 3.1,3.15] [3.15,3.2]  [3.2,3.25]  [3.25,3.3] [3.3 — o0
Observed events 98 72 51 42 20 15 6 6 1
Fitted background 94.60 +29.18 71.88+22.74 51.98+17.09 47.56+15.82 24.33+946 14.97+6.34 7.13+3.77 620+£3.50 1.52+1.26
1 86.21+£29.36 64.07 £22.97 46.69+16.98 43.66£15.79 22114955 13.35+6.35 556+3.78 556350  0.967520
Single top 2204113  358+1.36  1.80+1.19 1524060 0.80+026 0.51+026 0.83+035 0244012 0.25+0.15
t+ X 5014306 3824249 2784160 1.89+£1.08 1134094 0774047 0364030 0.21+£0.15 0.26+0.16
W-jets 1.11£053  0.38+0.33  0.69+0.38 0.4670 5 0.201320  0.214+0.08 035+0.18 00835 0.03+0.02
Z+jets 0.057002  0.0140.01 <0.01 0.0270:05 0.02f04)  0.1240.08 0.01+£0.00 0.01+0.00 <0.01
Diboson <0.01 0.02°945 0.02+9:51 <001  0.05+0.03 <001 0024001 0.10+0.07 0.02+0.01
Multijet <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Pre-fit background 80.05 68.38 45.14 29.19 16.88 11.25 6.72 3.77 3.62

Table 9.11: The table presents the observed number of events and the predicted background yield
after the fit for the validation region VR-4j-1L-MTB. The values are obtained from extrapolating
the background-only fit results (Appendix D.6) to this region. The background category tt + X
includes ttW/Z, ttH and tttt events.
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9.4 Uncertainties

Because this is a R&D study, the implementation of the systematic uncertainties is as close as
possible to Chapter 8. However, where it has not been possible to implement such uncertainties,
physically-motivated approximations have been made that are detailed next. Only the systematic
uncertainties that differ from Chapter 8 will be presented here, but note, a complete systematic

uncertainty configuration is employed covering both theoretical and experimental uncertainties.

tt and single top theoretical uncertainties - Because the analyser was unable to implement
the methods performed in Chapter 8, it was not possible to calculate the impact of the ¢t and
single top theoretical uncertainties. To approximate this, the average of the relative uncertainties
for the zero-lepton Gtt CC regions was used. This resulted in a relative uncertainty of 30%
(6%) for tt (single top). In the CC region that targets compressed signals, Gtt-OL-C, the tt
uncertainty is 33%. It could be argued that this would be overly conservative to apply to the

entire phase-space and thus a difference of 3% should not greatly impact the results.

Multi-jet method - Because the multi-jet background has not been estimated from a data-
driven method and instead uses Monte Carlo, an approximation for the uncertainty must be
made. The maximum multi-jet composition from the zero-lepton Gtt CC SRs is 4.6% with a
total relative uncertainty of 8%. The compressed (C) and moderate (M2) regions have zero
multi-jet events in the SR, whereas the kinematically higher-energy moderate (M1) and boosted
(B) regions are those with the non-negligible multi-jet contributions. The di-jet Monte Carlo
also yields zero events in the SR of the log 10(myg) histogram, and because the more precise
data-driven approach would have also applied a 300% uncertainty to this estimation, it has been

argued that this would also be sufficient for the uncertainty in this search.

Gaussian width - An uncertainty associated to the width would be derived from the variation
in fitted widths across a range of particular BSM models. However, this choice of models is
arbitrary and the resulting uncertainty is by definition model-dependent. It is for that reason
that it is not included and the resulting impact will be reflected in the statistical sensitivity for

discovery and exclusion on the BSM model.

9.5 Statistical Interpretations

The idea of a model-independent multi-bin shape fit (MB SF) was introduced at the start of
this chapter, motivated by Section 9.2 and defined in Section 9.3. In this section, a series of
likelihood fits for n Gaussian signals with mean y are performed and henceforth will be referred
to as a scan. Effectively, this approach replicates a resonance search strategy similar to those

used in the Higgs discovery [3], for a series of discrete bins, which has never been performed for
an ATLAS SUSY search.
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The signal processes are chosen to have a cross section of 1.0fb and are generated with 30,000
Gaussian-distributed events, where the mean is set to a range of SUSY mass scale (Mg,sy)
values and the width of the Gaussian is fixed to 0.125. The range of means varies from
10%¢ = [800, 3500] GeV in 75 GeV intervals that corresponds to a minimum (maximum) Gaussian
mean of 2.903 (3.544). The events are also assumed to have 100% acceptance of the SR and VR
selections and 0% acceptance in the CR. Model-dependent acceptance and efficiency corrections

are applied later when reinterpreting the results in the context of the Gtt and Gbb models.

The first scan performed searches for new physics, where the primary goal is to improve the
statistical sensitivity to models with small mass splitting with respect to using the current ATLAS
SUSY discovery strategy. The current ATLAS SUSY discovery strategy is the model-independent
likelihood fit discussed in Section 6.4. A p-value is calculated for the null hypothesis to search for
discrepancies between the data and the estimated background. The discovery strategy proposed
in this chapter is effectively the same, however, a model independent fit would be performed with
each Gaussian model and the distribution of obtained p-values results in a scan for discrepancies
in the background expectation consistent with a Gaussian function. This strategy will henceforth

be known as the discovery scan.

The objective of the second scan is to set limits on BSM processes. A 95% confidence level (CL)
on the Gaussian normalisation as a function of the Gaussian mean is obtained. This strategy
will henceforth be known as the exclusion scan. This results in improved ease of reinterpretation
by allowing for any BSM signal, that could have an acceptance of events in the SR and can be
described by a Gaussian with width 0.125, to interpolate a visible? cross section limit with the
Gaussian mean of the signal. The model-dependent exclusion contours from this method are an
approximation to those that might be obtained by performing an exclusion fit with the BSM
models. The validation of this approximation for the Gtt exclusion contour can be found in
Section 9.7.2. The difference in the limits arises if there are shape differences in the log 10(m.g)
distribution between the Gaussian signal model and the Gtt/Gbb model.

9.5.1 Search for New Physics

The first strategy this method can be utilised for is in the search for new physics. If the events of
a pair-produced simplified gluino model, such as Gtt m(g, )Z?) = 2000, 1200 GeV, were included
in the blinded® data and a discovery scan was performed to the SR using the Gaussian signal
models, the results of the p-values obtained for the background-only hypothesis can be seen in
Figure 9.10.

Figure 9.10 is a proof of concept of the general fit strategy. By effectively scanning over the
data in the SR log 10(m.g) distribution with the Gaussian signals, one can evidently see how

the p-value evolves over the range of Gaussian means. As the Gaussian mean tends towards the

*Visible meaning, the cross section limit assuming the experimental conditions imposed in this search. To
obtain a true cross section limit, one would need to correct for the acceptance and efficiency of the search.

®The blinded data is equivalent to the post-fit background estimate throughout this section, however, as per
this scenario, signal processes are also sometimes included to test the sensitivity of the method to the data to
replicate the existence of the BSM signal. The inclusion of signal in the blinded data is termed signal injection.
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Figure 9.10: The resulting background-only hypothesis p-values when performing a model
independent fit for a range of Gaussian signals when Gtt m(g, )2(1)) = 2000, 1200 GeV is included
in the blinded data for the SR defined in Figure 9.8(a). Note the Msi’;)"b()dy of the Gtt signal
process is 1115.6 GeV and has a fitted Gaussian mean of 3.219.

fitted Gaussian mean of the signal (3.219), the p-value tends towards a minimum (ug = 3.284).
Because the Gaussian mean of the Gtt signal is before the inclusive bin of the SR, the p-value
increases as the Gaussian mean tends toward the inclusive bin. Approximately 84% (97.5%)
events of the Gaussian signal are contained in the inclusive bin when the Gaussian mean is
pe = 3.363 (ug = 3.488). Therefore, beyond g = 3.3, the likelihood fit can no longer exploit
the shape information in all bins of the signal region and will decrease to an approximately

constant minimum as more of the Gaussian events are contained in the inclusive bin.

An example of the pulls and constraining of the fit parameters as well as the correlation matrix

for one of the Gaussian discovery fits from this scan can be seen in Figure 9.11.

There are no strong positive (or anti-)correlations between any POI or nuisance parameter.
The nuisance parameters associated with the theoretical systematic uncertainties are all well
constrained. Slight pulling and constraining of nuisance parameters associated with several
jet-related uncertainties are observed. The ¢ normalisation factors are all > 1, indicating that
the MC is underpredicting the data, except for the final bin, where it is < 1. The uncertainty in
these parameters increases as the bin in the log 10(m.g) distribution increases because of the
decrease in data events. It is the yield in the second to final bin that has the largest uncertainty
because the final bin is inclusive. For the same likelihood fit, the tabular breakdown of the
contribution from the systematic uncertainties for each SR bin can be found in Table D.1 in
Appendix D.5. The jet energy scale and resolution provide the largest contribution to the total
systematic uncertainty. The uncertainties associated with the ¢¢ normalisation factors are largely

sub-dominant and in certain instances, such as the p;7(B2), it is almost negligible.

By performing discovery scans for each unblinded validation region defined in Section 9.3, the
resulting p-values as a function of the Gaussian signal mean can be seen in Figure 9.12. Note

that 10,000 pseudo-experiments have been used.

No statistically significant fluctuations or trends are present in the scans of any VR. This indicates
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Figure 9.12: The resulting null hypothesis p-values when performing a model independent fit for
a range of Gaussian signals for the six validation regions (a)-(f). All the results are produced
with 10,000 pseudo-experiments and the p-values are truncated to 0.5.
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a sufficient modelling of the data by the MC background in these regions and the presence of a
fake6 signal that could exist in the unblinded SRs would be unprobable.

First, let us discuss the VRs associated to the SR with a high Nj¢, threshold. For VR-OL-MTB
in particular, all the p-values are 0.5 indicating that the background estimation methods are
sufficient for this region. For VR-1L-MTB, the p-values are < 0.5 for the opening range of
Gaussian signal means up to and including pg = 3.011. These p-values correspond to significances
< 0.50 and therefore can be considered statistically insignificant. Consequently, the extrapolation
of the inverted m%jlets threshold in the CR with respect to the SR is considered valid.

in

The validation region with the greatest number of p-values that are not 0.5 is VR-1L-MT. In
this region, all p-values are 0.5 except a small deviation between pg = [3.041,3.070] and an
almost-constant p-value of ~ 0.3 beyond 3.4. A small discrepancy in the data-to-MC ratio can
be seen in the bin [3.0,3.05] log 10(m.g/GeV) in Figure 9.9(c) that explains the first of those
deviations. The second is much harder to explain because the discrepancy originates beyond the
inclusive 3.3 log 10(myg/GeV) bin boundary of the analysis, but that does however, explain why
it is almost constant. In Figure 9.9(c) over the range of the three bins [3.2, 00| log 10(m.gq/GeV),
only one data event is predicted and thus the latter bins of this region could be susceptible to
binning effects and a lack of statistical power. Again, all deviations are O(< 0.50) and thus the

extrapolation of this observable can be considered valid.

In terms of the 4-jet VRs, 0OL-MTB and 1L-MTB have p-values at 0.5 for each Gaussian mean,
suggesting excellent validation of the background expectation in these regions. For the 4-jet
VR using the 1L-MT selection, the p-value scan follows similar to Figure 9.12(e), where the
lowest Gaussian mean corresponds to the lowest p-value in the discovery scan before tending
to 0.5 at the Gaussian mean of ug = 3.011. The likelihood fit with the Gaussian signal with
the lowest mean, pug = 2.903, results in a significance of approximately 1o. For the VR-4j-MT
histogram of Figure 9.9(d), the underprediction of the data by MC can be seen in the log 10(m.g)
bins [2.9,3.0] log 10(m.g/GeV) but is in agreement within the total uncertainty. This being the
largest deviation observed among all VRs defined, with a value O(1c0), the modelling across all

VRs can be considered sufficient.

With the VRs providing sufficient validation of the extrapolated observables used to define the
control and signal regions, the next results presented are the discovery scans with the unblinded

signal regions - SR and SR-4j. Figures for these scans can be seen in Figure 9.13.

No statistically significant excesses were observed in either of the signal regions. In terms of
Figure 9.13(a), the p-values seem erratic compared with Figure 9.13(b). However, the erratic
behaviour could have originated from the extremely small background expectation and therefore,
cause more fluctuations when using toys compared to SR-4j and the VRs. Most p-values for

this region correspond to a significance < 1o and consequently can be considered statistically

°A fake signal would be events that indicate an excess of data events above the background expectation,
consistent with a BSM signal, but originates from mis-measured objects or a consequence of the finite detector
acceptance for example.

"The analyser has truncated the p-values to 0.5 to reflect only where positive increases in the number of data
events with respect to the background expectation are observed.



9.5 Statistical Interpretations 167

o 10%g o 10%g
=2 E = E
- s F
& 10 13TeV139.0 b’ & 10 13TeV139.0fb*
E SR E SR-4j
1 1
R Eﬁ‘/' o I.Mmlw-w
107 o ‘
102 102
E 30 E 30
10— — - T T T T T T T T T T T T 10— — - T T T T T T T T T T T
104 40 104 40
10-5% 10'5%
100 100
s _ e s
107 | | Loy | | | 107 | | Loy | | |
2.9 3 31 3.2 33 3.4 35 2.9 3 31 3.2 33 3.4 35
My He
(a) SR (b) SR-4j

Figure 9.13: The resulting null hypothesis p-values when performing a model independent fit for
a range of Gaussian signals for the signal regions (a) SR (b) SR~4j. All the results are produced
with 10,000 pseudo-experiments and the p-values are truncated to 0.5.

insignificant. In terms of Figure 9.13(b), the background expectation of the SR-4j distribution
seems to be well-modelled by the data up to pug = 3.27 before a gradual underprediction of the

simulation occurs. The resulting maximum discrepancy of O(10) is observed.

9.5.2 Setting Signal Cross section Limits

This section presents the 95% confidence limits on the Gaussian signal cross section using the
CL, prescription with the test statistic of Equation 6.12. To set limits on the signal strength,
the hypothesis test inversion approach is performed - that is, finding the signal strength that
corresponds to a p-value < 0.05 (95% CL). Classically, supersymmetry results are obtained in
a model-dependent method and therefore are presented as a function of the simplified model
parameters. In contrast, this method obtains the 95% CL limits in a semi-model-independent

method, where the signal is parameterised by the Gaussian mean pq.

By performing exclusion scans with the two SRs, Figure 9.14 presents the 95% CL limit for the

Gaussian visible cross section as a function of the Gaussian mean for each SR.

The tighter Njo SR, improves on the limit obtained from the looser Njc; SR for the entire range
of Gaussian means. The minimum Gaussian mean (g = 2.903) corresponds to the weakest
observed limit, where it is ~ 0.05fb. Tending towards pg = 3.28, the limit becomes approximately
constant with a value of ~ 0.025fb. Similar behaviour is observed for the 4-jet SR, however, the
limit is weaker with respect to the tighter N SR - especially at low values of the Gaussian

mean.
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Figure 9.14: The 95% CL limit on the visible Gaussian cross section as a function of the Gaussian
mean for the signal region; (a) SR and (b) SR~4j. Both Figures include results which are produced
using 10,000 pseudo-experiments.

9.6 Multiple b-jets+E="* Reinterpretation

The two main results obtained from Section 9.5, have been obtained only as a function of the
Gaussian mean because of the (semi-)model-independent nature of this analysis strategy. This
section reinterprets the results for events originating from the RPC gluino simplified models

introduced in Section 8.1.

9.6.1 Discovery Sensitivity

To report the statistical sensitivity of discovering a BSM model using the MB SF, one performs
a discovery scan with the signal injected into the blinded data prediction; following what was
performed for Figure 9.10. This method replicates the existence of a BSM signal present in the
data. Repeating this method for each model in the Gtt phase-space and extracting the lowest
p-value (highest significance) under the background-only hypothesis for each model, the best
sensitivity to discover that model (discovery sensitivity) can be obtained. This is shown for each
Gtt model in Figure 9.15(a).

Similarly, the discovery sensitivity to the SB cut-based approach using the nominal ATLAS
discovery fit strategy can be reported. The discovery sensitivity to each Gtt model is obtained by
performing the same model-independent fit in Section 8.6.2 with the signal injected in the blinded
data for each of the zero-lepton CC Gtt regions. For a given model, the lowest p-value from
the CC regions is the best sensitivity to that model and therefore is reported as the discovery

sensitivity. The results of this can be seen in Figure 9.15(b).

The results in Figures 9.15(a)-9.15(b), are effectively a comparison, quantified by the sensitivity
to discovering each Gtt model, of the SB and MB region strategies and the model-independent
fit approach compared to the Gaussian shape fit. It is for that reason, Figure 9.15(e) is produced,
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which shows the percentage difference between the MB SF and the CC approaches. Higher,
positive values show the MB SF has higher discovery sensitivity than the CC and vice versa for

lower, negative values.

As expected, the MB SF approach improves upon the CC analysis in the compressed mass
splitting regions of phase-space. For gluinos with mass up to 1.8 TeV, there is an approximate
increase in sensitivity at 3o, to discover models with a 50 GeV larger LSP mass with respect to
the CC. As the gluino mass increases to 2.0 TeV, there is a dramatic reduction in the sensitivity
to boosted signals with the MB SF. It is here in the moderate and boosted regions that the CC
extends the gluino mass sensitivity, at 3o, up to 200 GeV higher than the MB SF for a massless
LSP. Examining the contour of Figure 9.15(¢e), one confirms that for most of the signal grid
phase-space the CC strategy provides a higher discovery sensitivity than the MB SF, except for

compressed signals and most models with a LSP mass beyond 1.1 TeV.

This entire procedure was repeated for the Gbb model phase-space and therefore, for the MB
SF (Figure 9.15(c)) the SR-4j signal region definition was used. The repeated CC results
(Figure 9.15(d)) only used the CC Gbb SR definitions from Chapter 8. Similarly, Figure 9.15(f)

presents the percentage difference in the discovery sensitivity for the two results.

The MB SF 30 contour lies significantly beyond the CC contour in the compressed and moderate
regions of phase-space. The exception is a corner of phase-space corresponding to models with
Myysy 2 1800 GeV and therefore are highly boosted. For gluinos in the mass range [1.9,2.0] TeV,
there is up to a 400 GeV increase in LSP mass sensitivity at 3o using the MB SF relative to the
CC. For a massless LSP, there is an approximate increase in sensitivity at 3o, to discover models
with a ~ 75 GeV larger gluino mass with respect to that obtained from the MB SF. This is most
likely due to the high selection thresholds of the CC strategy.

9.6.2 Simplified Model Cross section Limits

One of the greatest advantages of this novel method is when setting model-dependent limits. If a
signal model can be approximated by a Gaussian function with a width of 0.125 and kinematically
satisfies the signal region selection criteria, a visible cross section limit can be obtained. This is
obtained by interpolating to the relevant Gaussian cross section limit of Figure 9.14 with the
Gaussian mean of a given signal process of interest. Thereby simplifying the reinterpretation

process.

In doing this for the Gtt signal processes and correcting for the acceptance and efficiency for each
model, a true cross section limit can be obtained for each signal in the model space. Dividing
these values by the theoretically predicted cross section at NLO+NLL, an exclusion curve can
be derived where for > 1 (< 1) the model can be considered not excluded (excluded) at a 95%
CL limit. For the Gtt (Gbb) model parameter-space, the results can be seen in Figure 9.16(a)
(9.16(Db)).

Comparing Figure 9.16(a) to the observed exclusion contours of the CC analysis in Figure C.2(b)
of Appendix C.2, the CC exclusion contour extends beyond the MB SF but the individual CC
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Figure 9.15: Presents the discovery sensitivity for the Gtt (Gbb) models using the (a) ((c))
multi-bin shape fit (MB SF) methodology utilising a Gaussian signal shape and (b) ((d)) the
zero-lepton cut-and-count analysis (CC) Gtt (Gbb) regions of Chapter 8 with the nominal ATLAS
model independent fit strategy. Both are obtained by including the signal expectation in the
blinded data prediction. (e) ((f)) Presents the percentage difference in the results obtained by
MB SF relative to CC for the Gtt (Gbb) scenario.
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Figure 9.16: (a) ((b)) Exclusion contour for the 95% cross section limit for the Gtt (Gbb) signal
processes using the Gaussian multi-bin shape fit with the signal region SR (SR-4j). All figures
are using results produced with 10,000 pseudo-experiments.

region contours show that this originates from the Gtt 1L regions and thus could be considered
not a fair comparison. Consequently, an additional figure is presented to compare the MB SF
to the expected and observed results obtained from the Gtt zero-lepton CC and NN SRs in
Figures 9.17(c)-9.17(d), respectively. The exclusion contours obtained for Gbb using SR-4j can
be seen in Figure 9.16(b) and a comparison with the equivalent limits obtained from the Gbb
CC and NN SRs is shown in Figures 9.17(a)-9.17(b), respectively.

When comparing the MB SF to the limit obtained only from the Gtt OL SRs, the statistical
sensitivity seen in Figures 9.15(a)-9.15(b) is also observed here, as expected. The MB SF and
CC exclude gluino masses up to 1.97 TeV for an LSP mass of ~ 1.0 TeV at a 95% CL. However,
the CC extends the gluino mass limit to 2.3 TeV for a massless LSP and the MB SF extends
the LSP limit to 1.33 TeV for a gluino mass of 1.95 TeV. Therefore, the MB SF has greater
sensitivity to the moderate mass splitting signal models than the CC and the CC has greater

sensitivity with respect to the MB SF for signal processes with a boosted mass splitting.

Similarly, for Gbb, the general trends with respect to the statistical sensitivity observed in
Figures 9.15(c)-9.15(d) are also observed here. However, two further interesting occurrences are
observed. Firstly, the limit in the moderate region of the MB SF lies greatly beyond the CC as
hoped - reaching a maximum LSP mass of 1.57 TeV for a gluino mass near to 2.1 TeV. The strong
performance in the moderate region continues with a LSP mass of 1.5 TeV for a gluino mass up
to 2.23 TeV. Secondly, the MB SF has poorer sensitivity to the very compressed region where the
Gaussian approximation breaks down for these models. Therefore, the simplistic methodology of

the CC strategy has increased sensitivity for some models in this area of phase-space.

The total 10 uncertainty in the observed exclusion contour Figure 9.16(b) is in general smaller
for compressed models and then much larger for boosted models. This could be because of two
reasons. The first, and potentially smaller effect is that for a fixed gluino mass, as the LSP mass

increases, the SUSY mass scale decreases (Figure 9.1) therefore, the corresponding limit is weaker
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Figure 9.17: A comparison of the observed and expected 95% CL; limits for Gbb and Gtt signal
processes for the multi-bin shape fit (MB SF), cut-and-count (CC) and neural network (NN)
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and +1o variations have a slightly smaller uncertainty (Figure 9.14). The second effect originates
from the calculation of the acceptance and efficiency, which is used to derive the true cross
section limit for each model. As the models tend towards the kinematically forbidden diagonal,
the top(bottom) quarks and LSP become less boosted in the gluino rest frame, resulting in jets
with lower pp and smaller Ey 5 therefore decreasing the acceptance and efficiency. This means
that the resulting true cross section limits become rapidly larger as the models tend towards the

diagonal and the 10 limit curves get compressed together.

9.7 Closure Tests

9.7.1 Discovery and Exclusion Results Validation

In the Gaussian regime, exclusion contours are expected to lie significantly beyond discovery

contours. As shown in Figures 9.18(a) and 9.18(b), this is not observed here.

gg production, g — tf+§f, m(@) >> m(g) §g production, § - ﬁ»&f, m@) >> m@)
2200 2200
2000F == - Expected Limit (+1 0g,,)
Vs =13 TeV, 139.0 fo* = Observed Limit (+103Y5Y)

1800 Alllimits at 95% CL e

LA ENL A N s

TT

—50
Vs=13TeV, 139.0 fb* —13g
Shape Fit

2000

m() [GeV]
m() [Gev]

1800

1600 1600—

1400 1400—

1200 1200—

,,,,,

A A L A A

1000— S

P I A T T A O R e A
sisaylodAH |INN 10} Z “xep Juasaiday siaquinN As1o
ll1111111ll1llllllllllllllllllllllllllll

[a)] 1w uoN98s-$S01D pPanlasqQ Juasalday siaqunN A1

1000 Fo e
800—=_ soo;
600]— 600
400 a00f— * 1
200; 200; \\ ’
S S SN SO SRS e S ST T SN T T
1000 1200 1400 1600 1800 2000 2200 2400 1000 1200 1400 1600 1800 2000 2200 2400 2600
m(g) [GeV] m(g) [GeV]
(a) Gtt Discovery Sensitivity (b) Gtt 95% True Cross section Limit

Figure 9.18: Reproduction of Figures 9.15(a) and 9.16(a) to assist the reader with a side-by-side
comparison.

The reason for this is the small background estimate in the signal region (< 1 background event
in each bin of Figure 9.8(a)) and consequently, the statistical regime is no longer Gaussian
and is instead distributed according to a Poisson function. To demonstrate this, consider two
simplified and idealised counting experiments with g (1), where py () is the expected number
of background (signal) events and assume that p; (p,) is understood completely such that the

uncertainty in their expectation is zero and no other systematic uncertainties are present.

Poisson counting experiment - Set p, = 0.0 and p, = 1.0 and derive the two following

contours in the mass plane of the two signal model parameters.

1. The estimated discovery sensitivity contour is obtained by including the signal yield in

the blinded data (ng,s = up + s = 1.0) and a test of the background-only hypothesis
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is performed. Given that the background expectation is p; = 0.0, the corresponding
signiﬁcance8 for this signal is infinite. Therefore, the expected 50 discovery contour lies
to the right of the signal model in the mass plane and the model can be considered as

observed.

. The expected 95% exclusion contour is obtained without the signal being included in the

blinded data (ngns = ;) under the test of the signal-plus-background hypothesis. Given
that up = 0, ngps = 0. The 95% upper limit on p is pg < 3.0 [7] for a model to be allowed.
The expected limit curve therefore lies to the left of the signal model in the mass plane

and the model is not excluded.

Given these scenarios, the expected limit contour lies below the 50 discovery curve and is
illustrated in Figure 9.19(a).
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Figure 9.19: Illustrations of the estimated discovery sensitivity contours and expected 95%
exclusion contours for a simplified and idealised (a) Poisson and a (b) Gaussian counting
experiment. The contours do not correspond to the significance or exclusion limits expected in
this experiment and are included only for illustrative purposes.

Gaussian counting experiment

conto

1.

- Set pp, = 9.0 and p, = 14.0 and derive the two equivalent

urs using these values in the mass plane of the two signal model parameters.

The estimated discovery sensitivity contour is obtained by including the signal yield in
the blinded data (ngns = py, + s = 23.0) and a test of the background-only hypothesis
is performed. Given that the background expectation is p, = 9.0, the significance of the
signal is approximately 4.70. Therefore, the expected 50 discovery contour lies to the left

of the signal model in the mass plane and the model cannot be considered as observed.

. The expected 95% exclusion contour is obtained without the signal being included in the

blinded data (n,,s = 15) and a test of the signal-plus-background hypothesis is performed.
Given that y;, = 9.0, 14, = 9. The 95% upper limit on u, is pg < 7.77 [170] for the model

8Using the approximation of the significance; Z = s/\/E
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to be allowed. The expected limit curve therefore lies to the right of the signal model in

the mass plane and the model is excluded.

Given these scenarios, the expected limit contour lies above the 50 discovery curve and is
illustrated in Figure 9.19(b). Evidently, it is possible to enter a statistical scenario where a 5o
discovery contour can extend beyond a 95% CL (1.640) contour in the event of a very small (< 1
data events per signal region bin) background expectation, which appears to be the scenario for

the results obtained in Figures 9.15(a).

9.7.2 Gaussian Approximation in the Likelihood Fits

To validate the use of the Gaussian signal model with width 0.125 used in the likelihood fits of
Sections 9.5.1-9.5.2, the results in Figures 9.15(a) and 9.16(a) were reproduced by replacing the
Gaussian signal model with the Gtt signals. Only statistical uncertainties were considered in
this test. To obtain results for the discovery sensitivity using Gtt models, each discovery scan for
the Gtt model-space was performed with signal injection using only its respective signal process
because this would always produce the highest significance. The result of this test can be seen in
Figure 9.20.
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Figure 9.20: Validating the discovery sensitivity in the SR when using a (a) Gaussian signal
model with width 0.125 and (b) Gtt signal processes.

Visual differences between the two figures can only be observed in the compressed region, where
the results obtained from the Gtt models improve marginally on those obtained from the Gaussian
approximation. In the absence of systematic uncertainties, the closure between both 3 and 5¢
discovery contours is very high and thus, indicates that the Gaussian approximation in these

likelihood fits performs comparable to those described using the gluino-produced signal process.

In terms of setting cross section limits for each Gtt signal model, a 95% CL limit on the signal
strength for each Gtt model was obtained by performing the model-dependent fit strategy in
Section 6.4. This is converted to a 95% CL limit on the visible cross section for each Gtt

signal model and subsequently to a true cross section limit by correcting for the acceptance and
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efficiency. The results of this test can be seen in Figure 9.21.
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Figure 9.21: Validating the 95% true cross section limits in the SR when using a (a) Gaussian
signal model with width 0.125 and (b) Gtt signal processes.

As observed with the cross-check for the discovery sensitivity, the compatibility between the
results obtained using the Gaussian approximation and those from the corresponding Gtt models
shows excellent closure. The largest deviation is observed in the model phase-space around
m(g, f((l)) = 2000, 1000 GeV, which originates from several weaker cross section limits obtained
when using the Gaussian signal approximation - which would be expected. Considering both the
results, the observed closure is consistent with our understanding of the approximation of the
Gtt signals by the Gaussian function and hence the closure has been considered sufficient from

these tests.

9.8 Conclusion

This chapter presents the model-independent search for Gaussian-distributed excesses above the
Standard Model with the Run 2 proton-proton collision data collected at /s = 13 TeV by the
ATLAS experiment. The strategy is a novel method that can be used for searching for new
physics and setting cross section limits for SUSY searches. The philosophy of the strategy is to
utilise multiple signal region bins along with a generic signal shape distribution. This search is
binned in the log 10(m.g) distribution because, for various kinematic scenarios of gluino decays,
it is observed to be universally Gaussian and has high discriminating sensitivity to these models
from the Standard Model background.

Two signal regions were defined to target high and low jet multiplicity events where zero
leptons were present. Both signal regions are dominated by the ¢t background and therefore, a
dedicated control region was used to provide a data-driven background estimate for the process.
Additionally, a validation region has been defined for each differing selection observable between
the signal and control region. No significant deviations are observed and thus, the extrapolation
of these observables between the SRs and CR is validated.
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By using this method to assess the sensitivity to discovering RPC gluino signals, an increase
in sensitivity to small mass splitting models compared to a single bin cut-based strategy was
observed. By using this method to search for new physics in the signal regions, no statistically
significant excesses above the Standard Model are observed and thus, a limit on the Gaussian
cross section is set. For the tighter (looser) signal region selection, the 95% visible cross section
limit plateaus at 0.025(0.04)fb for a Gaussian mean of 3.25(3.37).

Because the 95% visible cross section limit is presented as a function of the Gaussian mean, the
reinterpretation process is simplified. This chapter reinterprets the 95% CL limit on the visible
Gaussian cross section for events originating from RPC gluino decays. When comparing the
exclusion contour derived from this method to the single-bin approach of Chapter 8, this method
increases the sensitivity beyond the cut-based approach for moderate mass splitting g — ft;}?
signal processes. As expected, the largest improvements are for models with small and moderate
mass splitting. This situation is enhanced even further when considering the process; g — lNJb)Z(l].
However, for models where Am(g, )Z(l)) = 20 GeV, the breakdown in Gaussian approximation
highly challenges the multi-bin shape fit strategy and thus, for several specific models, the simpler

cut-based approach has larger sensitivity.
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Chapter 10
Summary

The predictions of the properties of the observed matter of the Universe by the Standard Model
have been extremely successful for the particle physics community over the last century. However,
deviations from the Standard Model predictions are arising in lepton violation measurements of
B-meson decays, the measurement of the muon anomalous magnet moment and dark matter and
dark energy are yet to be understood. This thesis searched for the supersymmetric extension to
the Standard Model, motivated by its solution to the hierarchy problem and providing a WIMP
dark matter candidate. The extension is sought in the context of large quantities of missing
transverse energy and multiple b-jets in the final state from gluino pair-production, which is

motivated by naturalness.

The calibration of the DL1r b-tagging algorithm for jets reconstructed using the ParticleFlow
algorithm was also presented. The calibration uses the previously published method but is
performed using the ATLAS Run 2 dataset on a new set of neural network-based b-tagging
algorithms with ParticleFlow jets for the first time. The calibration corrects the b-tagging
efficiency in the Monte Carlo simulation and provides an associated uncertainty, both based on
the transverse momentum of each jet. This calibration will be essential to ATLAS measurements
and beyond the Standard Model searches when b-jets are a component of the targeted detector

signature.

As with all other direct searches for supersymmetry in ATLAS and CMS using the Run 2 dataset,
no significant excesses above the Standard Model were observed in any search performed in this
thesis. Limits were set at a 95% confidence limit on the simplified model plane extending the
gluino mass limit to 2.2 TeV (2.27 TeV) for a massless lightest neutralino and the maximum
excluded lightest neutralino mass is 1.25 TeV for a 1.85 TeV (2.05 TeV) gluino in a § — bb
(g — tt) scenario. The limit on the gluino mass highly challenges the principle of naturalness,

albeit still within the bounds of the constraint.

Also within this thesis is a demonstration of a model-independent search strategy for events
distributed according to a Gaussian function for use in ATLAS supersymmetry searches. This
approach is contrary to the nominal strategy performed at ATLAS, where a specific kinematic

final state is the target and the results are entirely model-dependent. In this strategy, a Gaussian
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is the signal sought in the background expectation and the results can be reinterpreted in a
model-dependent manner to obtain 95% confidence limits in the simplified model mass plane.
For a Gaussian with a width of 0.125, signal processes can be considered excluded at a 95% CL
limit with a cross section of ~ 0.05fb for a Gaussian mean up to 3.25, where beyond this, the
limit is approximately constant at ~ 0.025fb. The method improves sensitivity to compressed
models with respect to a cut-based approach with a maximum-excluded LSP mass of 1.57 TeV
(1.33 TeV) for a gluino mass of 2.1 TeV (1.95 TeV) for the § — bb (§ — tf) signal process.

It is hoped that this strategy will become the standard search methodology because it has
increased statistical sensitivity to small mass splitting signals, a simplified reinterpretation
process and is less model-dependent with respect to the current ATLAS SUSY strategy. All of
this is conducted whilst retaining the ability to provide nominally reported results by ATLAS

from direct supersymmetry searches.

The two searches for gluino pair-production with a multiple b-jet plus Ep 55 final state set 95% CL
limits in the gluino-lightest-neutralino mass plane. Each search has differing strategies albeit can
be considered somewhat complimentary. The cut-based regions have selection thresholds deep
in the tails of kinematic distributions, thereby increasing sensitivity to high-pr events because
of the pr-dependent nature of many kinematic observables. Whereas the model-independent
search exploits the additional shape information of a specified kinematic observable to increase
sensitivity to small mass splitting models which are better characterised by their low-p1 topology.
The kinematics of these two strategies reflect the sensitivity observed in the model-dependent
limits. The final strategy, where model-dependent limits were also presented, was for a supervised
learning technique. Here, the neural network is trained to identify not only event characteristics
for the signal processes but also the background, and thus has a high sensitivity to both high-

and low-pt signal events.
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Appendix A

Theory

A.1 Supersymmetry Lagrangians

The Lagrangian for chiral supermultiplets in the Wess-Zumino Model [171] for a free fermion is

given by

Leniral = Livee + Ling, = —0"0™ 0,0, + ip"'5" 8,90, + FY'Fy + Ly,

xi i Lo ot 1 —
= =0"0" 0,01+ 0" 5" 0, —5 (WY by + Wi ToV) — W, (A1)

Escalar Lfermion L

auxiliary

where o are the Pauli matrices and W is the superpotential, given by

I 1 i
W = S MY6.0; + oy  6id; 0 (A.2)

for the fermion field mass M" and Yukawa coupling yij k

The Lagrangian for the gauge supermultiplets with a massless gaugino field A, Weyl fermion
gaugino A (a = 1,..., N for N* —1 generators of SU(3), SU(2)and U(1)groups), gauge coupling g,
structure constant ¢!

field D [24] is given by

, gauge group represent hermitian matrices 1" and the bosonic auxiliary

1 1
Logmge = 7 Fu """ + NG N 50" D", (A.3)

where
Fl, = 0,A% — 9,A% + gf**° AL A5 and VA = 9\ + gf AN (A.4)

17 = 0 for Abelian gauge theories [24].
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The resulting general SUSY Lagrangian is a combination of chiral and gauge supermultiplet

interactions,

'CSUSY :[’chiral =+ ‘cgauge

* Q. a ta,  Tra * @ a (AS)
—V29(@" T )" = V29N (W' T"9) + (6" T"¢) D",

where the F-terms are fixed by Yukawa couplings and fermion mass terms and the D-terms are

fixed by the gauge interactions [24].

A.2 Parameters and Numerical Constraints of the pMSSM

A summary of the free parameters and numerical constraints of the pMSSM.

Parameter Min. value Max. value Note

mp (=mpg,) 90 GeV 4 TeV LH slepton (first two gens.) mass

me, (= me,) 90 GeV 4 TeV  RH slepton (first two gens.) mass

mr, 90 GeV 4 TeV LH stau doublet mass

Mg, 90 GeV 4 TeV RH stau mass

mél(: mQ~2) 200 GeV 4 TeV  LH squark (first two gens.) mass

my;, (= my,) 200 GeV 4 TeV  RH up-type squark(first two gens.) mass
m d~1(: m d~2) 200 GeV 4 TeV  RH down-type squark(first two gens.) mass
mg, 100 GeV 4 TeV  LH squark (third gen.) mass

My, 100 GeV 4 TeV  RH top squark mass

mg, 100 GeV 4 TeV RH bottom squark mass

| M| 0 GeV 4 TeV  Bino mass parameter

| M| 70 GeV 4 TeV  Wino mass parameter

| | 80 GeV 4 TeV Bilinear Higgs mass parameter

My 200 GeV 4 TeV  Gluino mass parameter

| Ayl 0 GeV 4 TeV  Trilinear top coupling

| Ay 0 GeV 4 TeV  Trilinear bottom coupling

| A, 0 GeV 4 TeV  Trilinear 7 lepton coupling

| M 4| 100 GeV 4 TeV  Pseudoscalar Higgs boson mass

tan 3 1 60 Ratio of the Higgs vacuum expectation values

Table A.1: The 19 parameters of the pMSSM. Taken from Ref [27].
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Parameter Min. value Max. Value
Ap -0.0005 0.0017
A(g—2), —17.7x 107" 438 x 107"
BR(b — s7) 269 x 107" 387 x107*
BR(B, — p p7) 1.6x107° 42x107°
BR(BT — 7T1,) 66 x 10~° 161 x 10°°
Q_oh? - 0.1208

X1
Linvis(susy)(Z) - 2 MeV
Masses of charged sparticles 100 GeV -
m(%5) 103 GeV -
m(ty g, dy,¢12,312) 200 GeV -
m(h) 124 GeV 128 GeV

Table A.2: Experimental numerical constraints imposed on the pMSSM. Taken from Ref [27].
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Appendix B

b-tagging Calibration

B.1 b-tagging Algorithms

Hyperparameters for the MV2 and DL1R multivariate algorithms can be seen in Tables B.1
and B.2 respectively. Table B.3 shows the inputs to each of the high-level multivariate b-tagging
algorithms.

Hyperparameter Value
Number of trees 1000
Depth 30
Minimum node size 0.05%
Cuts 200
Boosting type Gradient boost
Shrinkage 0.1
Bagged sample fraction 0.5

Table B.1: List of optimised hyperparameters used in the MV2 tagging algorithm. Taken from
Ref [92].

Hyperparameter Value

Number of input variables 28

Number of hidden layers 8

Number of nodes [per layer] [78, 66, 57, 48, 36, 24, 12, 6]
Number of Maxout layers [position] 3[1, 2, 6]

Number of parallel layers per Maxout layer 25

Number of training epochs 240

Learning rate 0.0005

Training minibatch size 500

Table B.2: List of optimised hyperparameters used in the DL1R tagging algorithm. Taken from
Ref [92].



Input Variable Description
Kinematics Pr Jet pr
n Jet |n]
IP2D/ IP3D  log(py/p;) Likelihood ratio between the b-jet and light-jet hypotheses
log(py/pe) Likelihood ratio between the b-jet and c-jet hypotheses
log(p./p1) Likelihood ratio between the c-jet and light-jet hypotheses
SV1 m(SV) Invariant mass of tracks at the secondary vertex assuming pion mas
fe(SV) Energy fraction of the tracks associated with the secondary vertex
Nraearvix(SV) Number of tracks used in the secondary vertex
Noevix (SV) Number of two-track vertex candidates
L., (SV) Transverse distance between the primary and secondary vertex
L,,.(SV) Distance between the primary and the secondary vertex
Sy (SV) Distance between the primary and the secondary vertex divided by its uncertainty
AR(Piets Pytx) (SV) AR between the jet axis and the direction of the secondary vertex relativeto the primary vertex
JETFITTER m(JF) Invariant mass of tracks from displaced vertices
fe(JF) Energy fraction of the tracks associated with the displaced vertices
AR(Diets Pytx) (JF) AR between the jet axis and the vectorial sum of momenta of all tracksattached to displaced vertices
Sy (JF) Significance of the average distance between PV and displaced vertices
Nyyearvix (JF) Number of tracks from multi-prong displaced vertices
Noraevix (JF) Number of two-track vertex candidates (before decay chain fit)
Ni_trk vertices(JF) Number of single-prong displaced vertices
N> trk vertices(JF) Number of multi-prong displaced vertices
JETFITTER Ly, (2nd/3rd vtx)(JFc) Distance of 2nd or 3rd vertex from PV

(c-tagging)

RNN

)
Ly, (2nd/3rd vtx)(JFc)
Mk (2nd/3rd vix)
Ert(2nd/3rd vtx)
fe(2nd/3rd vtx)(JFc)
Nrarvix(2nd/3rd vtx)(JFc)
Yo Yok Yo
do
0
AR(ﬁ&et ) ﬁtrk)
Track grade

Transverse displacement of the 2nd or 3rd vertex

Invariant mass of tracks associated with 2nd or 3rd vertex
Energy fraction of the tracks associated with 2nd or 3rd vertex
Fraction of charged jet energy in 2nd or 3rd vertex

Number of tracks associated with 2nd or 3rd vertex

Min., max. and avg. track rapidity of tracks at 2nd or 3rd vertex
Transverse Impact Parameter of each track inside a jet
Longtidunal Impact Parameter of each track inside a jet

Angular distance between the track and the jet-axis

Category of hit pattern for a given track

Table B.3: Input variables used by the MV2 and the DL1R algorithms. The JETFITTER c-tagging (JETFITTER c-tagging plus RNN) variables are
used only by the DL1R algorithm. Table taken and adjusted from Ref. [92].
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ration Results

B.2 C

This appendix will present all calibration results for all single-cut as well as pseudo-continuous

alibration Results

operating points for the DL1r tagger.

Remaining Operating Point B-Efficiency and Scale Factors
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Figure B.1: Measured b-efficiency in Monte-Carlo
operating points.

=

}

o o
o) [e)

o
~

—— : ——
Vs =13 TeV, 138.5 fb?* |
DL1r, [, = 77% Single Cut OP

0.

0.

0.

for the DL1r tagger and various fixed cut

—— i

r —+— Data (stat. unc.) 1

i Data (total unc.) ]

- —tiMC _|

L L L TR L
30 40 10° 2x10°
Jet P, [GeV]
(b) 77%
|- T ) ) ) J -
L {s=13TeV, 138.5fb™ |
1; DL1r, [ = 60% Single Cut OP N
sl N
o e
r —+— Data (stat. unc.) 1
- Data (total unc.) ]
4 —ttMC |
L L L T L
30 40 10° 2x10°
Jet P, [GeV]
(d) 60%

Remaining Single-Cut Operating Point Uncertainty Tables

Tables B.4 to B.7 present the systematic impact on each transverse momentum bin of the

respective operating point scale factor. All uncertainty tables are for the DL1r tagger.
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Figure B.2: Measured b-efficiency data-to-MC scale factors, i.e. the b-efficiency measurements
divided by the b-efficiency in the nominal ¢¢ simulation, for the DL1r tagger and various fixed

cut operating points.

Grouped Uncertainty / pr [GeV] 20-30 30-40 40-60 60-85 85-110 110-140 140-175 175-250 250-600
Jet Energry Resolution 545 0.85 0.50 0.53 0.38 0.17 0.19 0.28 0.35
Jet Energry Scale 499 216 029 0.18 0.27 0.12 0.17 0.26 0.22
tt PS+Hadronisation+PDF 249 1.00 073 0.51 0.72 0.95 0.73 0.67 0.61
Z+jets Cross section+PDF 244 076 0.04 0.25 0.04 0.12 0.01 0.05 0.22
Flavour Tagging 228 0.86 0.28 0.10 0.09 0.12 0.04 0.11 0.23
tt ISR+FSR 1.85 1.04 047 041 0.31 0.60 0.34 0.28 0.44
Single-top ISR+FSR~+Interference 176 073 056  0.75 0.54 0.47 0.54 0.45 1.55
Single-top PS+Hadronisation+PDF  1.72  0.64 0.53  0.29 0.14 0.05 0.03 0.03 0.07
Pileup Reweighting 1.43 014 0.10 0.03 0.05 0.04 0.03 0.04 0.00
Lepton Reconstruction 0.89 0.28 0.13 0.07 0.06 0.06 0.03 0.03 0.07
Fake leptons modelling 0.77 047 045 0.05 0.06 0.10 0.06 0.05 0.06
V'V Cross section+PDF 0.14 041 021 0.08 0.06 0.07 0.02 0.04 0.11
Remaining 0.02 0.01 0.01 0.00 0.01 0.02 0.01 0.00 0.01
Total Systematic Uncertainty 9.21 320 143 1.22 1.08 1.26 1.01 0.95 1.80

Table B.4: Tabular breakdown of the percentage uncertainties joined into physically-motivated
groups for the DL1r tagger for a 60% operating point.
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Figure B.3: Total uncertainties for the measured b-efficiency data-to-MC scale factors for the
DLI1r tagger and various fixed cut operating points.

Grouped Uncertainty / pr [GeV] 20-30 30-40 40-60 60-85 85-110 110-140 140-175 175-250 250-600
Jet Energry Resolution 534 087 049 0.53 0.37 0.15 0.14 0.28 0.28
Jet Energry Scale 494 216 029 0.18 0.27 0.11 0.17 0.26 0.25
tt PS+Hadronisation+PDF 247 099 071  0.50 0.71 0.94 0.73 0.67 0.61
Z+jets Cross section+PDF 234 0.75 0.04 0.25 0.04 0.11 0.01 0.05 0.22
Flavour Tagging 226 0.86 0.28 0.10 0.09 0.12 0.05 0.10 0.23
tt ISR+FSR 1.80 1.02 0.46 0.40 0.30 0.60 0.33 0.28 0.46
Single-top PS+Hadronisation+PDF  1.74  0.63  0.53  0.29 0.13 0.05 0.04 0.04 0.05
Single-top ISR+FSR-+Interference 1.74 071 056 0.74 0.54 0.46 0.54 0.45 1.56
Pileup Reweighting 1.41 013 0.11 0.03 0.05 0.04 0.03 0.05 0.01
Lepton Reconstruction 0.88 0.27 0.13 0.07 0.06 0.06 0.03 0.03 0.07
Fake leptons modelling 0.75 047 045 0.05 0.06 0.10 0.06 0.04 0.06
V'V Cross section+PDF 0.14 041 021 0.08 0.06 0.07 0.02 0.03 0.10
Remaining 0.02 0.01 0.01 0.00 0.01 0.02 0.01 0.00 0.01
Total Systematic Uncertainty 9.07 3.18 141 1.20 1.07 1.24 1.00 0.95 1.81

Table B.5: Tabular breakdown of the percentage uncertainties joined into physically-motivated
groups for the DL1r tagger for a 70% operating point.
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Grouped Uncertainty / pr [GeV] 20-30 30-40 40-60 60-85 85-110 110-140 140-175 175-250 250-600
Jet Energry Resolution 545 095 049 0.54 0.30 0.13 0.13 0.27 0.30
Jet Energry Scale 484 220 028 0.18 0.27 0.12 0.17 0.25 0.23
tt PS+Hadronisation+PDF 244 098 070 0.49 0.70 0.92 0.71 0.66 0.64
Z+jets Cross section+PDF 236 0.76 0.06 0.25 0.04 0.12 0.01 0.05 0.22
Flavour Tagging 223 0.85 028 0.10 0.08 0.12 0.05 0.09 0.20
Single-top PS+Hadronisation+PDF  1.78  0.62  0.52  0.30 0.14 0.05 0.04 0.04 0.04
tt ISR+FSR 1.75 098 0.45 0.39 0.29 0.58 0.32 0.28 0.47
Single-top ISR+FSR~+Interference 1.73 071 056 0.74 0.53 0.46 0.53 0.42 1.56
Pileup Reweighting 1.35 013 0.11 0.03 0.05 0.04 0.03 0.04 0.01
Lepton Reconstruction 087 0.27 0.13 0.07 0.07 0.06 0.03 0.03 0.07
Fake leptons modelling 0.78 047 045 0.04 0.06 0.11 0.07 0.04 0.06
V'V Cross section+PDF 0.14 041 020 0.08 0.06 0.07 0.02 0.03 0.09
Remaining 0.02 0.01 0.01 0.00 0.01 0.02 0.01 0.00 0.01
Total Systematic Uncertainty 9.06 3.21 1.39 1.19 1.03 1.22 0.98 0.92 1.82

Table B.6: Tabular breakdown of the percentage uncertainties joined into physically-motivated
groups for the DL1r tagger for a 77% operating point.

Grouped Uncertainty / pr [GeV] 20-30 30-40 40-60 60-85 85-110 110-140 140-175 175-250 250-600
Jet Energry Resolution 490 088 049 048 0.30 0.13 0.12 0.29 0.23
Jet Energry Scale 4.78 2,07 028 0.17 0.26 0.12 0.17 0.24 0.26
Z+jets Cross section+PDF 237 0.69 005 0.25 0.04 0.11 0.01 0.05 0.20
tt PS+Hadronisation+PDF 234 093 067 0.46 0.67 0.89 0.68 0.61 0.61
Flavour Tagging 2.09 083 027 0.10 0.08 0.13 0.04 0.08 0.18
Single-top PS+Hadronisation+PDF  1.77  0.63  0.50  0.27 0.13 0.05 0.04 0.03 0.06
Single-top ISR+FSR+Interference 171 068 053 0.71 0.52 0.44 0.52 0.41 1.62
tt ISR+FSR 1.63 092 041 0.36 0.27 0.56 0.31 0.28 0.46
Pileup Reweighting 1.29 014 0.10 0.03 0.06 0.04 0.03 0.04 0.02
Lepton Reconstruction 0.83 0.26 0.12 0.07 0.06 0.06 0.03 0.03 0.06
Fake leptons modelling 0.70 047 042 0.14 0.06 0.11 0.08 0.04 0.06
V'V Cross section+PDF 0.14 040 0.20 0.07 0.06 0.07 0.02 0.03 0.08
Remaining 0.02 0.01 0.01 0.00 0.01 0.02 0.01 0.00 0.01
Total Systematic Uncertainty 8.60 3.04 134 1.14 0.99 1.18 0.94 0.88 1.85

Table B.7: Tabular breakdown of the percentage uncertainties joined into physically-motivated
groups for the DL1r tagger for a 85% operating point.
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Pseudo-continous B-Tagging Scale Factors
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Figure B.4: Measured b-efficiency for the DL1r tagger with fixed cut operating points. For the
pseudo continues calibration drawn as a function of the operating points and split into different
pp-bins.

Remaining Pseudo-Continous Operating Point Uncertainty Tables

Tables B.8 to B.16 present the systematic impact on each transverse momentum bin of the

respective operating point scale factor. All uncertainty tables are for the DL1r tagger.
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Figure B.5: Measured b-efficiency data-to-MC scale factors, i.e. the b-efficiency measurements
divided by the b-efficiency in the nominal ¢¢ simulation, for the DL1r tagger with fixed cut
operating points. For the pseudo continues calibration drawn as a function of the operating
points and split into different pp-bins.

Grouped Uncertainty / wy, wy 100-85% 85-77% 77-70% 70-60% 60-0%
Jet Energry Resolution 16.48 2.77 6.15 4.98 5.45
Jet Energry Scale 16.06 4.46 4.55 4.76 4.99
Z+jets Cross section+PDF 7.96 2.43 2.48 2.01 2.44
tt PS+Hadronisation+PDF 7.85 2.38 2.29 2.43 2.49
Flavour Tagging 7.01 1.27 2.06 2.18 2.28
Single-top PS+Hadronisation+PDF 5.95 1.75 1.99 1.82 1.72
Single-top ISR+FSR+Interference 5.73 1.56 1.71 1.65 1.76
tt ISR+FSR 5.63 0.96 1.49 1.61 1.85
Pileup Reweighting 4.34 0.97 0.99 1.34 1.43
Lepton Reconstruction 2.78 0.62 0.80 0.85 0.89
Fake leptons modelling 2.36 0.27 0.94 0.68 0.77
V'V Cross section+PDF 0.47 0.13 0.14 0.14 0.14
Remaining 0.06 0.03 0.03 0.02 0.02
Total Systematic Uncertainty 28.91 6.97 9.26 8.59 9.21

Table B.8: Tabular breakdown of the percentage uncertainties joined into physically-motivated
groups for the DL1r tagger for the pp range 20-30 GeV.
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Grouped Uncertainty / wy, wsy 100-85% 85-77% 77-70% 70-60% 60-0%
Jet Energry Scale 10.35 1.15 2.50 2.16 2.16
tt PS+Hadronisation+PDF 4.68 0.65 0.86 0.94 1.00
tt ISR+FSR 4.63 0.46 0.74 0.91 1.04
Jet Energry Resolution 4.40 0.61 1.77 0.99 0.85
Flavour Tagging 4.14 0.67 0.74 0.86 0.86
Z+jets Cross section+PDF 3.44 0.25 0.77 0.74 0.76
Single-top ISR+FSR+Interference 3.41 0.46 0.71 0.61 0.73
Single-top PS+Hadronisation+PDF 3.21 0.67 0.59 0.56 0.64
Fake leptons modelling 2.37 0.50 0.49 0.45 0.47
V'V Cross section+PDF 1.98 0.31 0.39 0.40 0.41
Lepton Reconstruction 1.32 0.20 0.25 0.27 0.28
Pileup Reweighting 0.71 0.21 0.15 0.11 0.14
Remaining 0.04 0.02 0.01 0.01 0.01
Total Systematic Uncertainty 15.25 1.99 3.62 3.13 3.20

Table B.9: Tabular breakdown of the percentage uncertainties joined into physically-motivated
groups for the DL1r tagger for the pr range 30-40 GeV.

Grouped Uncertainty / wy, wy 100-85% 85-77% T7-70% 70-60% 60-0%
tt PS+Hadronisation+PDF 4.02 0.37 0.59 0.64 0.73
Single-top ISR+FSR+Interference 3.20 0.31 0.48 0.55 0.56
Single-top PS+Hadronisation+PDF 2.96 0.32 0.43 0.50 0.53
Jet Energry Resolution 2.92 0.57 0.48 0.43 0.50
Fake leptons modelling 2.55 0.17 0.48 0.43 0.45
tt ISR+FSR 2.45 0.18 0.35 0.40 0.47
Jet Energry Scale 1.66 0.61 0.28 0.27 0.29
Flavour Tagging 1.64 0.19 0.28 0.27 0.28
V'V Cross section+PDF 1.21 0.16 0.20 0.20 0.21
Lepton Reconstruction 0.75 0.07 0.12 0.12 0.13
Pileup Reweighting 0.60 0.05 0.11 0.12 0.10
Z+jets Cross section+PDF 0.30 0.05 0.30 0.05 0.04
Remaining 0.06 0.01 0.01 0.01 0.01
Total Systematic Uncertainty 8.01 1.08 1.29 1.31 1.43

Table B.10: Tabular breakdown of the percentage uncertainties joined into physically-motivated
groups for the DL1r tagger for the pr range 40-60 GeV.
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Grouped Uncertainty / wy, wsy 100-85% 85-77% 77-70% 70-60% 60-0%
Single-top ISR+FSR+Interference 4.75 0.42 0.68 0.72 0.75
Jet Energry Resolution 3.20 0.20 0.64 0.47 0.53
tt PS+Hadronisation+PDF 3.06 0.18 0.36 0.43 0.51
tt ISR+FSR 2.44 0.13 0.24 0.35 0.41
Single-top PS+Hadronisation+PDF 1.83 0.05 0.36 0.26 0.29
Z+jets Cross section+PDF 1.64 0.22 0.21 0.26 0.25
Jet Energry Scale 1.14 0.39 0.15 0.21 0.18
Fake leptons modelling 0.92 1.18 0.02 0.05 0.05
Flavour Tagging 0.66 0.08 0.08 0.11 0.10
V'V Cross section+PDF 0.50 0.06 0.07 0.07 0.08
Lepton Reconstruction 0.44 0.06 0.08 0.07 0.07
Pileup Reweighting 0.21 0.04 0.04 0.03 0.03
Remaining 0.01 0.01 0.00 0.00 0.00
Total Systematic Uncertainty 7.56 1.37 1.13 1.11 1.22

Table B.11: Tabular breakdown of the percentage uncertainties joined into physically-motivated
groups for the DL1r tagger for the pp range 60-85 GeV.

Grouped Uncertainty / wy, wy 100-85% 85-77% T7-70% 70-60% 60-0%
tt PS+Hadronisation+PDF 5.02 0.35 0.60 0.67 0.72
Single-top ISR+FSR-+Interference 3.83 0.32 0.49 0.50 0.54
Jet Energry Resolution 2.24 0.39 0.98 0.36 0.38
tt ISR+FSR 2.01 0.14 0.19 0.23 0.31
Jet Energry Scale 1.92 0.25 0.24 0.26 0.27
Single-top PS+Hadronisation+PDF 0.95 0.04 0.15 0.08 0.14
Flavour Tagging 0.59 0.04 0.06 0.08 0.09
Lepton Reconstruction 0.48 0.05 0.10 0.06 0.06
Fake leptons modelling 0.44 0.08 0.07 0.04 0.06
Pileup Reweighting 0.43 0.11 0.07 0.05 0.05
V'V Cross section+PDF 0.42 0.04 0.06 0.05 0.06
Z+jets Cross section+PDF 0.31 0.05 0.04 0.03 0.04
Remaining 0.06 0.01 0.01 0.01 0.01
Total Systematic Uncertainty 7.40 0.70 1.31 0.98 1.08

Table B.12: Tabular breakdown of the percentage uncertainties joined into physically-motivated
groups for the DL1r tagger for the pt range 85-110 GeV.
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Grouped Uncertainty / wy, wsy 100-85% 85-77% 77-70% 70-60% 60-0%
tt PS+Hadronisation+PDF 7.48 0.52 0.75 0.85 0.95
tt ISR+FSR 4.71 0.44 0.39 0.58 0.60
Single-top ISR+FSR+Interference 3.70 0.23 0.47 0.36 0.47
Jet Energry Resolution 1.08 0.18 0.44 0.11 0.17
Flavour Tagging 1.06 0.20 0.09 0.12 0.12
Jet Energry Scale 1.00 0.23 0.32 0.21 0.12
Z+jets Cross section+PDF 0.90 0.05 0.15 0.11 0.12
Fake leptons modelling 0.89 0.08 0.21 0.10 0.10
V'V Cross section+PDF 0.61 0.07 0.06 0.08 0.07
Lepton Reconstruction 0.51 0.06 0.06 0.06 0.06
Single-top PS+Hadronisation+PDF 0.43 0.12 0.03 0.09 0.05
Pileup Reweighting 0.34 0.09 0.02 0.04 0.04
Remaining 0.13 0.01 0.01 0.02 0.02
Total Systematic Uncertainty 9.88 0.83 1.15 1.15 1.26

Table B.13: Tabular breakdown of the percentage uncertainties joined into physically-motivated
groups for the DL1r tagger for the pr range 110-140 GeV.

Grouped Uncertainty / wy, wy 100-85% 85-77% T7-70% 70-60% 60-0%
tt PS+Hadronisation+PDF 5.42 0.26 0.50 0.75 0.73
Single-top ISR+FSR+Interference 4.12 0.32 0.49 0.51 0.54
tt ISR+FSR 2.51 0.24 0.28 0.30 0.34
Jet Energry Scale 1.34 0.19 0.22 0.21 0.17
Jet Energry Resolution 0.96 0.14 0.16 0.31 0.19
Fake leptons modelling 0.67 0.26 0.18 0.05 0.06
Flavour Tagging 0.32 0.04 0.06 0.07 0.04
Single-top PS+Hadronisation+PDF 0.31 0.02 0.09 0.11 0.03
Lepton Reconstruction 0.24 0.03 0.03 0.04 0.03
Pileup Reweighting 0.21 0.04 0.05 0.02 0.03
V'V Cross section+PDF 0.16 0.01 0.02 0.02 0.02
Z+jets Cross section+PDF 0.09 0.02 0.02 0.01 0.01
Remaining 0.05 0.00 0.01 0.01 0.01
Total Systematic Uncertainty 7.49 0.60 0.83 1.04 1.01

Table B.14: Tabular breakdown of the percentage uncertainties joined into physically-motivated
groups for the DL1r tagger for the pt range 140-175 GeV.
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Grouped Uncertainty / wy, wsy 100-85% 85-77% 77-70% 70-60% 60-0%
tt PS+Hadronisation+PDF 5.28 0.07 0.56 0.68 0.67
Single-top ISR+FSR+Interference 3.55 0.32 0.12 0.42 0.45
Jet Energry Resolution 2.49 0.58 0.18 0.27 0.28
tt ISR+FSR 2.45 0.35 0.32 0.26 0.28
Jet Energry Scale 2.11 0.29 0.31 0.27 0.26
Flavour Tagging 0.72 0.06 0.06 0.09 0.11
Z+jets Cross section+PDF 0.40 0.02 0.07 0.06 0.05
Pileup Reweighting 0.36 0.05 0.02 0.08 0.04
Fake leptons modelling 0.32 0.02 0.02 0.04 0.05
Single-top PS+Hadronisation+PDF 0.29 0.02 0.10 0.11 0.03
V'V Cross section+PDF 0.24 0.04 0.02 0.05 0.04
Lepton Reconstruction 0.22 0.09 0.05 0.08 0.03
Remaining 0.02 0.02 0.01 0.03 0.00
Total Systematic Uncertainty 7.63 0.82 0.77 0.95 0.95

Table B.15: Tabular breakdown of the percentage uncertainties joined into physically-motivated
groups for the DL1r tagger for the pr range 175-250 GeV.

Grouped Uncertainty / wy, wy 100-85% 85-77% T7-70% 70-60% 60-0%
Single-top ISR+FSR+Interference 9.98 2.17 1.60 1.62 1.55
tt PS+Hadronisation+PDF 3.82 0.30 0.92 0.60 0.61
tt ISR+FSR 2.88 0.95 1.08 0.55 0.44
Jet Energry Scale 1.58 0.80 0.31 0.43 0.22
Jet Energry Resolution 1.44 0.75 0.61 0.20 0.35
Z+jets Cross section+PDF 1.25 0.08 0.17 0.21 0.22
Flavour Tagging 1.09 0.09 0.12 0.24 0.23
V'V Cross section+PDF 0.51 0.06 0.02 0.09 0.11
Lepton Reconstruction 0.38 0.09 0.07 0.08 0.07
Single-top PS+Hadronisation+PDF 0.37 0.40 0.33 0.35 0.07
Fake leptons modelling 0.36 0.04 0.03 0.09 0.06
Pileup Reweighting 0.12 0.12 0.13 0.04 0.00
Remaining 0.05 0.03 0.02 0.02 0.01
Total Systematic Uncertainty 11.43 2.67 2.28 1.94 1.80

Table B.16: Tabular breakdown of the percentage uncertainties joined into physically-motivated
groups for the DL1r tagger for the pt range 250-600 GeV.
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Appendix C

Gluino Pair Production With
Multiple b-jets

C.1 Effective Luminosity of the Signal Processes
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Figure C.1: The effective luminosity (Leg[ab™']) calculated for each (a) Gbb and (b) Gtt signal
process using the cross section for the model and the number of Monte Carlo generated events.
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Gluino Pair Production With Multiple b-jets
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Figure C.2: Result of exclusion fit for the analysis regions for the (a) Gbb and (b) Gtt model-space.
The dashed line shows the 95% CL expected limit. The shaded bands around the expected limits
show the impact of the experimental and background-modelling systematic uncertainties. The
labels correspond to the signal region which generates the best expected CL, value for the given
signal model. Taken from Ref. [162].
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Appendix D

Multi-bin Shape Fit

D.1 Effective Mass Observable for Very Compressed Gbb
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Figure D.1: The log 10(m.g) distribution normalised to unity and centred by the fitted Gaussian
mean. The signals included are all Am = 20 GeV Gbb signal processes from Section 8.1.

D.2 Control Region Mismodelling Plots

As mentioned in Section 9.3, mismodelling is observed in the CR histogram in the log 10(m.g) bin
[3.05, 3.1] GeV and plots of some of the key analysis variables showing significant mismodelling

can be seen in Figures D.2.

It is clear from Figure D.2(a) that the majority of the mismodelling originates were 6- and 7-jets
are present in the event. Figure D.2(c) also shows that it could originate from events with
60 < mi}_lfitj < 100 GeV. By restricting the selection further to only 6- and 7-jet events, plots

for the leading jet, leading lepton and key discriminating variables can be seen in Figures D.3,

D.4 and D.5 respectively. Here it is evident, as mentioned in Section 9.3, there is a range of
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Figure D.2: Key analysis distributions were the data is significantly mismodelled by the MC in
the log 10(m.g) bin [3.05, 3.1] GeV of the CR histogram.
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miss

mismodelling in leading jet and leptons as well as the data in Et  distribution being generally

underpredicted by the MC.
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Figure D.3: The leading jet for the CR histogram in the [3.05,3.1] GeV log 10(m.g) bin and
restricting the events further to only those with 6- or 7-jet events present.
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Figure D.4: The leading lepton for the CR histogram in the [3.05,3.1] GeV log 10(m.g) bin and
restricting the events further to only those with 6- or 7-jet events present.
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Figure D.5: Key discriminating analysis variables for the CR histogram in the [3.05,3.1] GeV
log 10(m.g) bin and restricting the events further to only those with 6- or 7-jet events present.
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D.3 VR Histograms with SR Jet Multiplicity Requirement
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Figure D.6: Each validation region with it’s jet multiplicity requirement equivalent to the SR

requirement (Nje, > 10).

D.4 Technical Details for Performing the Fits

This appendix will denote all the technical information of the analysis strategy performed in

Chapter 9 to allow the reader to replicate what was performed in this thesis.

The implementation of the fit strategy was based upon the 36fb™ ' strong multi-b search’ [1],
which used a two-dimensional multi-bin approach based upon the observables; the number of

jets and the effective mass. This is depicted in, for the one-lepton channel, in Figure D.7.

Since the strategy in Chapter 9 is not a two-dimensional approach but instead one dimensional

in the log 10(m.g) observable, where the binning is defined in Table 9.3 and the selections for

1

The Git repository link for the 36fb " analysis is https://gitlab.cern.ch/MultiBJets/MBJ_HistFitter/-/
tree/ATLAS-CONF-2018-041.


https://gitlab.cern.ch/MultiBJets/MBJ_HistFitter/-/tree/ATLAS-CONF-2018-041
https://gitlab.cern.ch/MultiBJets/MBJ_HistFitter/-/tree/ATLAS-CONF-2018-041
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Figure D.7: Schematic presenting the multiple signal region bins in the one-lepton channel for
the analysis strategy of Ref. [1].

each region are in Table 9.2%,

Another significant aspect of establishing the workflow is how to include the arbitrary Gaussian
signal into the likelihood fits. There are several ways to implement this and the simplest method
was to create ROOT NTuples. The code used to create these (ROOT) NTuples can be found in
the git repository in the path;

$MBJ HF ROOT/NTupleSignalCreator /GausSigNTuple . py,

where the only argument is —-NEvts, which decides the number of events distributed according
to a Gaussian function for each mean in m.g-space (GeV). The range of means for which a
Gaussian is created is hardcoded and thus, will be required to change for each unique search. A
ROOT NTuple was created per signal and validation region because the Gaussian events are
designed to be 100% efficient in surviving each region selection criteria and hence, the easiest
solution compatible with HistFitter (HF) [102] is to produce a NTuple per region. Since the
code to produce the NTuple only produces Gaussian-distributed events, the method used so that
they have 100% acceptance in the region was by setting an ROOT alias for each observable in
the region definition. The value of each alias is set so that it surpasses the selection threshold.
The logic for this was based on a method that is used in the strong multi-b analysis, where a
weight equal to one is added to events for the scenario where the weight applies only to signal or
background processes, for example. That code can be found in the following path related to any

strong multi-b analysis HistFitter Git repository:
$MBJ HF ROOT/metadata/utilities /output_to_hf/addKinRWSignal.py.

This is the basis of the workflow. In terms of performing likelihood fits in HF, different arguments
are required depending on the physics goal. In terms of running the discovery fits performed in
Section 9.5.1, each result is based upon the -z option that enables the discovery hypothesis test

statistic to be performed. For each unblinded discovery plot (Figures 9.12-9.13), each result in

®The Git link for the analysis presented in this chapter can be found here https://gitlab.cern.ch/MultiBJets/
MBJ_HistFitter/-/tree/feature/MIshapeFit.


https://gitlab.cern.ch/MultiBJets/MBJ_HistFitter/-/tree/feature/MIshapeFit
https://gitlab.cern.ch/MultiBJets/MBJ_HistFitter/-/tree/feature/MIshapeFit
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the plot is a fit performed with each Gaussian signal model set as the signal sample argument in
HF.

The slightly more complicated approach is the discovery sensitivity in Section 9.6.2, which involves
adding the signal to the blinded® data. Here, for all Gtt and Gbb signals in the parameter-space,
a scan across each Gaussian model is performed and hence, the total number of fits is greatly
increased and therefore, this is only recommended to be run on a local computer system if
the time taken to perform each LH fit is (relatively) quick (< 30 seconds) otherwise the use
HTcondor system is recommended. Injecting signal in the data is primarily performed by the
HF method buildHisto (lines 253 of $MBJ _HF ROOT/python/3b.py), because it needs to be
manually created because of the other histograms in HF being directly created from the ROOT
NTuples. An example command for obtaining a discovery sensitivity LH fit for the Gtt model
m(g, X)) = 2100,1000 GeV with a single Gaussian function (ug = 2300 GeV) is,

HistFitter .py —wz —f —F excl python/3b.py ++config
config /mbj_139000. json config/mbj_patchShapefit.json
4++regions BOmeff Blmeff B2meff B3meff B4meff B5meff
B6meff B7meff B8meff ++regionOutput shapefit
4++signalSample Gauss_2300 4++unblind True 4++FakeData
++InjectSignal Gtt-2100_.5000_.1000.

By simply removing ++FakeData ++InjectSignal Gtt_2100.5000_1000 from that line would
result in a LH fit for the unblinded SR for the Gaussian function pg = 2300 GeV.

To set limits the code is analogous to when performing an unblinded discovery fit scan, that is,
without the signal injection process. The HF argument -z is replaced with -1 to perform the
hypothesis test inversion instead of using the discovery hypothesis test statistic. An example of

an unblinded signal strength limit for the same Gaussian function can be obtained using:

HistFitter .py —wl —f —F excl python/3b.py ++config
config /mbj_139000. json config/mbj_patchShapefit.json
4++regions BOmeff Blmeff B2meff B3meff B4meff B5meff
B6meff B7meff B8meff ++regionOutput shapefit
4++signalSample Gauss_2300 ++unblind True.

Both fits are run with the HF exclusion fit type (-F excl). It was found that -z discovery
hypothesis test, although unconventionally used, results in the same p-value for the HF fit types

excl and disc and thus, is appropriate for use.

In terms of creating the final figures presented in Section 9.5, the creation of the one-dimensional

discovery fit plot can be created by the code;

python $MBJHF ROOT/AnalysisPYs/pOScanPlot.py —InputPath <Path>
—Signal <Keyword>.

3Blinded data in HF by default uses the pre-fit background estimate but this code replaces it with the post-fit
background estimate.
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Where the Signal argument can be used to select the signal injected or more generally as a
keyword for example selecting a specific analysis region that would be used in the filenames of
the HF output files in the path, <Path>. Similarly, one can produce the one-dimensional signal

strength limit plot, albeit without the keyword argument.

python $MBJHF ROOT/AnalysisPYs/XSecLimPlot.py —InputPath <Path>.

The two-dimensional plots are all based on the HF code that is used to plot exclusion contours

in the mass plane of the two model parameters;

$MBJ HF ROOT/HistFitter /scripts/harvestToContours.py.

This code requires a json or txt file as input so this aspect was again manually created,
where the information that is plotted is extracted from the respective fit results. An example
of the general workflow that was performed in this analysis can be seen in the bash script;
$MBJ_HF RO0T/MakeJSONs. sh, which individually produces json files for each set of information
required for plotting and then combines for a final json file from which is used for plotting.
Examples of the code used to create the whole set of two-dimensional plots can be found in the
bash script $MBJ_HF_ROOT/2DGridPlots.sh.

D.5 Supporting Fit Results

Table D.1 presents the breakdown of the full systematic configuration for an example discovery
fit using the 10" = 2675 GeV Gaussian signal when Gtt m(g, )2(1)) = 2000, 1200 GeV is included
in the blinded data for the SR histogram.



Uncertainty of channel SR_BOmeff SR_Blmeff SR_B2meff SR_-B3meff SR_-B4meff SR_B5meff SR_B6meff SR_B7meff SR_B8meff
Total background expectation 0.11 0.28 0.37 0.59 0.35 0.23 0.39 0.31 1.33
Total statistical ( Nezp) +0.33 +0.53 +0.61 +0.77 +0.60 +0.48 +0.63 +0.56 +1.15
Total background systematic 1+0.21 [195.15%}0.23 [81.62%}£0.32 [84.69%}£0.45 [76.97%}0.23 [65.76%}0.16 [69.86%}£0.19 [49.61%}-0.17 [53.95%H1.22 [91.46%)]
alpha_JER2 +0.12 [110.7%)] +0.11 [38.3%] £0.11 [28.3%] £0.17 [29.3%] £0.09 [24.3%] £0.16 [67.8%] +0.03 [6.9%] +0.06 [19.1%] £0.02 [1.4%]
alpha_JER1 +0.12 [108.6%) £0.12 [42.8%] £0.01 [2.1%] +0.23 [39.5%] £0.05 [15.3%] £0.07 [29.1%] +0.03 [7.2%] £0.04 [11.8%] £0.01 [1.1%]
alpha_JERO +0.12 [108.2%)] £0.09 [33.8%] £0.09 [23.9%)] £0.22 [37.5%] £0.09 [25.5%] £0.03 [14.6%] +0.03 [8.4%] +0.06 [19.6%] +0.03 [2.1%)]
alpha_JER6 +0.11 [107.3%)] £0.06 [21.4%] £0.08 [20.5%] £0.11 [18.5%] £0.11 [30.0%] £0.04 [16.6%] +0.02 [4.2%] +0.05 [15.9%] +0.02 [1.3%)]
alpha_JER4 +0.11 [106.9%)] £0.03 [11.0%)] £0.00 [0.79%] +0.01 [1.0%)] =£0.00 [0.09%] £0.07 [31.1%] +0.03 [8.3%] +0.04 [12.1%] +0.02 [1.4%)]
alpha_JER3 +0.11 [105.5%)] £0.07 [23.7%] £0.21 [55.6%] £0.12 [20.1%] £0.00 [0.04%] £0.05 [23.2%] £0.00 [0.69%] £0.04 [13.9%] +0.02 [1.6%]
gamma_stat_SR_BOmeff_cuts_bin_0 +0.09 [79.7%] 40.00 [0.00%] £0.00 [0.00%] £0.00 [0.00%] £0.00 [0.00%] +0.00 [0.00%] £0.00 [0.00%] £0.00 [0.00%] 4-0.00 [0.00%)]
alpha_JERS +0.06 [59.9%] £0.03 [10.3%] £0.05 [12.2%] £0.02 [2.9%] =£0.01 [1.9%] £0.05 [22.0%] +0.02 [5.1%] £0.04 [11.9%] £0.02 [1.3%)]
alpha_JES6 +0.05 [49.2%] £0.04 [13.2%] +0.09 [23.3%] £0.07 [11.2%] £0.02 [5.8%] +0.00 [1.8%] £0.06 [15.8%] +0.01 [2.3%] +0.01 [0.57%
alpha_JES1 +0.04 [41.9%] £0.04 [15.0%] £0.09 [23.6%] £0.23 [39.3%] +0.02 [4.8%] £0.02 [10.6%] +0.05 [12.1%] £0.03 [10.9%] £0.01 [0.70%
alpha_JESO +0.04 [41.0%] +0.05 [18.7%)] £0.14 [37.6%)] +0.21 [36.1%)] +£0.02 [5.2%] =£0.01 [2.4%] £0.05 [13.3%] +0.02 [6.3%] +£0.01 [0.47%
alpha_ttbar_theory_syst_SR_BOmeff +0.03 [29.6%] +0.00 [0.00%] £0.00 [0.00%] £0.00 [0.00%] £0.00 [0.00%] £0.00 [0.00%] £0.00 [0.00%] £0.00 [0.00%)] £0.00 [0.00%
alpha_JES2 +0.03 [26.2%] +0.00 [0.82%] +0.01 [2.7%] +0.00 [0.16%] +£0.01 [4.2%] =+0.01 [3.3%] =+£0.01 [3.2%] =+0.01 [2.0%] =£0.00 [0.13%
mu_ttbar_BOmeff £0.02 [14.6%)] £0.00 [0.00%)] £0.00 [0.00%] £0.00 [0.00%] £0.00 [0.00%] £0.00 [0.00%] £0.00 [0.00%] £0.00 [0.00%] £0.00 [0.00%
alpha JMS_JET_Rtrk_Tracking3_frozen_mass +0.01 [13.6%] +£0.02 [8.7%] =+0.02 [5.8%] =0.04 [6.4%] +£0.03 [7.9%] =£0.01 [4.2%] =£0.03 [7.4%] =0.01 [4.2%] £0.00 [0.28%
alpha_JMS_JET_Rtrk_Tracking2_frozen_mass +0.01 [13.6%] +0.02 [8.7%] =+0.02 [5.8%] =+0.04 [6.4%] +0.03 [7.9%] =+0.01 [4.2%] =£0.03 [7.4%] =+0.01 [4.2%] £0.00 [0.28%
alpha_JMS_JET_Rtrk_TotalStat_frozen_mass +0.01 [13.6%] +0.02 [8.7%] =+0.02 [5.8%] =+0.04 [6.4%] +0.03 [7.9%] +0.01 [4.2%] =+0.03 [7.4%] =+0.01 [4.2%] £0.00 [0.28%
alpha_JMS_JET_Rtrk_Trackingl_frozen_mass +0.01 [13.6%] =40.02 [8.7%] +0.02 [5.8%] =40.04 [6.4%] +0.03 [7.9%] =40.01 [4.2%] +0.03 [7.4%] =+0.01 [4.2%] +0.00 [0.28%
alpha_JMS_JET_Rtrk-Baseline_frozen_mass +0.01 [13.6%] +0.00 [0.47%)] +0.02 [5.8%] =40.04 [6.4%] +0.03 [7.9%] =40.01 [4.2%] +0.03 [7.4%] =+0.01 [4.2%] £0.00 [0.27%
alpha_JMS_JET_Rtrk_Modelling_frozen_mass +0.01 [13.6%] +0.00 [0.45%] £0.00 [0.26%] +0.04 [6.4%)] =+0.03 [7.9%] =+0.01 [4.2%] =+0.03 [7.4%] =+0.01 [4.2%] £0.00 [0.27%
alpha_bTag_L £0.01 [10.3%] +£0.02 [8.2%] =+£0.02 [6.4%] =+£0.02 [3.8%] =+£0.02 [4.9%] +£0.01 [3.2%] =+£0.02 [5.1%] =+£0.01 [1.6%] £0.01 [0.43%
alpha_rw-oneside +0.00 [2.8%] +0.00 [1.2%] £0.00 [0.11%] £0.01 [1.2%] =+£0.01 [2.2%] =+£0.00 [1.9%] =+£0.01 [3.4%] =+£0.01 [3.7%] £0.00 [0.28%
alpha_bTag_C +0.00 [2.2%] +0.00 [0.82%] £0.00 [0.21%] +0.02 [2.6%] £0.00 [0.35%] £0.01 [2.2%] +0.00 [0.08%] +0.01 [1.7%] £0.00 [0.16%
alpha_ JVT +0.00 [2.0%] =£0.01 [2.3%] =£0.01 [1.7%] =40.01 [1.6%] £0.00 [1.1%] =£0.00 [1.1%] +0.00 [0.83%] £0.00 [0.43%] £0.00 [0.06%
alpha_JER7 +0.00 [1.9%] £0.07 [25.7%] £0.00 [0.22%] +0.14 [23.1%] £0.14 [38.8%] £0.01 [2.3%] +0.01 [2.7%] =+0.01 [3.6%] £0.00 [0.37%
alpha_ttbb_syst +0.00 [1.6%] +0.01 [2.2%] +0.00 [0.90%] +0.03 [4.6%] =+£0.01 [3.0%] +0.00 [0.34%)] £0.00 [0.95%] +0.01 [2.6%] +£0.00 [0.04%
alpha_ttcc_syst +0.00 [0.93%] +0.02 [8.4%] +0.00 [0.22%] +0.02 [3.7%)] =+0.01 [3.7%] +0.00 [0.73%)] £0.00 [0.72%] +0.01 [2.3%] +£0.00 [0.03%
alpha_bTag_extrapol_charm +0.00 [0.22%] +0.01 [3.2%] +0.00 [0.34%] £0.00 [0.05%] +0.00 [1.4%] +0.00 [0.10%)] £0.00 [0.65%] £0.00 [0.86%)] £0.00 [0.04%
alpha_kin_RW £0.00 [0.21%] £0.00 [1.0%] £0.00 [1.1%] =£0.01 [1.2%] £0.01 [2.0%] £0.00 [2.1%] 40.01 [3.3%] %0.01 [2.9%] 40.00 [0.22%
mu_SIG +0.00 [0.12%] 40.00 [0.10%] £0.00 [0.40%] £0.00 [0.77%] £0.01 [3.5%] 40.03 [13.7%] £0.06 [15.5%] £0.11 [34.7%] +1.22 [91.6%
alpha_JES4 +0.00 [0.11%] £0.00 [0.00%] £0.00 [0.11%] £0.00 [0.34%] £0.00 [0.25%] £0.00 [0.63%] £0.00 [0.10%)] £0.00 [0.00%] £0.00 [0.00%
alpha_JES5 +0.00 [0.02%] £0.04 [15.7%] £0.00 [0.21%] £0.00 [0.17%] £0.00 [0.05%] £0.00 [0.06%] £0.00 [0.12%] £0.00 [0.15%] £0.00 [0.00%
alpha_bTag_B +0.00 [0.01%] =40.00 [1.1%] 40.00 [1.0%] =40.01 [2.5%] +0.01 [2.2%] 40.00 [0.96%)] £0.00 [0.55%] +0.00 [0.88%] £0.00 [0.01%
Lumi +0.00 [0.00%] +0.00 [0.25%)] £0.00 [0.80%] +0.00 [0.15%)] £0.00 [0.46%] £0.00 [1.6%] +0.00 [1.2%] =+0.00 [1.4%] +0.04 [2.8%)]
alpha_bTag_extrapol_highPt +0.00 [0.00%] +0.00 [0.05%)] £0.00 [0.11%] +0.00 [0.64%)] +0.00 [1.2%] =£0.00 [1.2%] =+0.01 [1.6%] =+0.01 [4.6%] £0.00 [0.17%
gamma_stat_SR_Blmeff_cuts_bin_0 +0.00 [0.00%)] +0.13 [46.3%)] £0.00 [0.00%] +0.00 [0.00%)] £0.00 [0.00%] +0.00 [0.00%)] £0.00 [0.00%] +0.00 [0.00%] £0.00 [0.00%
alpha_ttbar_theory_syst_SR_B5meff +0.00 [0.00%] £0.00 [0.00%] +0.00 [0.00%] £0.00 [0.00%] +0.00 [0.00%] £0.03 [13.0%] £0.00 [0.00%] £0.00 [0.00%] £+0.00 [0.00%
alpha_Z_jets_syst_SR_B6meff +0.00 [0.00%] %0.00 [0.00%] £0.00 [0.00%] £0.00 [0.00%] £0.00 [0.00%] 0.00 [0.00%] £0.00 [0.26%)] £0.00 [0.00%] 0.00 [0.00%
alpha_Z_jets_syst_SR_B2meff +0.00 [0.00%] £0.00 [0.00%] £0.01 [3.2%] £0.00 [0.00%] £0.00 [0.00%] £0.00 [0.00%] £0.00 [0.00%)] £0.00 [0.00%] £0.00 [0.00%
alpha_ttbar_theory_syst_SR_B7meff +0.00 [0.00%] +0.00 [0.00%] +0.00 [0.00%] £0.00 [0.00%] +0.00 [0.00%] £0.00 [0.00%] +0.00 [0.00%] £0.05 [15.4%] 4+0.00 [0.00%
mu_ttbar_B3meff +0.00 [0.00%] +0.00 [0.00%)] £0.00 [0.00%] +0.11 [18.9%)] £0.00 [0.00%] +0.00 [0.00%)] £0.00 [0.00%] +0.00 [0.00%] £0.00 [0.00%
alpha_ttbar_theory_syst_SR_B2meff +0.00 [0.00%] +0.00 [0.00%)] £0.08 [21.3%] +0.00 [0.00%)] £0.00 [0.00%] +0.00 [0.00%)] £0.00 [0.00%] +0.00 [0.00%] £0.00 [0.00%
alpha_ttbar_theory_syst_SR_B4meff +0.00 [0.00%] +0.00 [0.00%)] £0.00 [0.00%] +0.00 [0.00%)] £0.09 [24.7%] +0.00 [0.00%)] £0.00 [0.00%] +0.00 [0.00%] £0.00 [0.00%
alpha_Z_jets_syst_SR_B7meff +0.00 [0.00%] +0.00 [0.00%)] £0.00 [0.00%] +0.00 [0.00%)] £0.00 [0.00%] +0.00 [0.00%] £0.00 [0.00%] £0.00 [1.1%] £0.00 [0.00%
alpha_WZ_muR_muF _syst +0.00 [0.00%] £0.00 [0.00%] +0.00 [0.71%] £0.00 [0.00%] £0.00 [0.00%] £0.00 [0.62%] +0.00 [0.09%] £0.00 [0.17%] £0.00 [0.04%
alpha_JES3 +0.00 [0.00%] £0.00 [0.00%] £0.00 [0.00%] £0.00 [0.18%] £0.00 [0.00%] £0.00 [0.00%] £0.00 [0.00%)] £0.00 [0.00%] £0.00 [0.00%
alpha_topEW _syst_SR_B5meff 4+0.00 [0.00%] £0.00 [0.00%] +0.00 [0.00%] £0.00 [0.00%] £0.00 [0.00%] +0.01 [6.2%] £0.00 [0.00%)] £0.00 [0.00%] £0.00 [0.00%
alpha_st_theory_syst_SR_B2meff 40.00 [0.00%] £0.00 [0.00%] +0.00 [0.25%] £0.00 [0.00%)] £0.00 [0.00%] £0.00 [0.00%] +0.00 [0.00%] £0.00 [0.00%)] £0.00 [0.00%
mu_ttbar_B5meff +0.00 [0.00%] +0.00 [0.00%)] £0.00 [0.00%] +0.00 [0.00%)] £0.00 [0.00%] +0.04 [15.7%)] £0.00 [0.00%] +0.00 [0.00%] £0.00 [0.00%
alpha_WZ_ckkw_syst +0.00 [0.00%] +0.00 [0.00%)] +0.00 [1.0%)] +0.00 [0.00%)] £0.00 [0.00%] £0.01 [4.5%] £0.00 [0.00%] +0.00 [0.00%] £0.00 [0.02%
alpha_st_theory_syst_SR_B7meff 40.00 [0.00%] £0.00 [0.00%)] £0.00 [0.00%] +0.00 [0.00%)] £0.00 [0.00%] +0.00 [0.00%)] £0.00 [0.00%] +0.00 [0.45%] £0.00 [0.00%
alpha_topEW _syst_SR_B2meff +0.00 [0.00%] £0.00 [0.00%] £0.02 [6.2%] £0.00 [0.00%] +0.00 [0.00%] £0.00 [0.00%] £0.00 [0.00%] £0.00 [0.00%] £+0.00 [0.00%
alpha_ttbar_theory_syst_SR_Blmeff +0.00 [0.00%] %0.07 [26.9%] £0.00 [0.00%] £0.00 [0.00%] £0.00 [0.00%] +0.00 [0.00%] £0.00 [0.00%] £0.00 [0.00%] £0.00 [0.00%
mu_ttbar_Bémeff +0.00 [0.00%] £0.00 [0.00%] £0.00 [0.00%)] £0.00 [0.00%] £0.00 [0.00%] £0.00 [0.00%] £0.13 [33.1%] £0.00 [0.00%] £0.00 [0.00%
mu_ttbar_B4meff +0.00 [0.00%] £0.00 [0.00%] +0.00 [0.00%)] £0.00 [0.00%] £0.09 [24.1%] £0.00 [0.00%] £0.00 [0.00%)] £0.00 [0.00%] £0.00 [0.00%

Table D.1: Tabular breakdown of the full systematic configuration for an example discovery fit using th GeV is included in the blinded data for the
SR histogram.

synsoy 914 Sunproddng ¢

| K44




222 Multi-bin Shape Fit

D.6 Background-only Fit Results
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Figure D.8: (a)-(b) ((c)) Post-fit (pre-fit) event yield in signal (control) regions. The upper panel
presents the observed number of events and the predicted background yield after (before) the fit.
The background category tt + X includes ttW/Z, tt H and tttt events. All uncertainties described
in Section 9.4 are included in the uncertainty band. The bottom panel of the CR plot displays
the t¢ normalisation obtained from the fit.
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Figure D.9: Post-fit event yield in high Nj. validation regions. The upper panel presents the
observed number of events and the predicted background yield after the fit. The background
category tt + X includes ttW/Z, ttH and tétt events. All uncertainties described in Section 9.4

are included in the uncertainty band.

2 T T T T T T T T P T T T T T T T
S . VR-4j-0L-MTB o daa 222 Total bkgd. 5. . VR-4j-1L-MT o data 22 Total bkgd.
£ N =i 1singie top 5w N =i Csinge op
V5=13 TeV, 139.0 fby X = Wets V5=13 TeV, 139.0 fiy X B3 Wejets
ztes B diboson [lzves @ dboson
10° 5 Mulet 100 5 Mulljet

& &
3 — 3 I —
B — — i — —
< T =2
& g
= (29295] [29530] (30305 (3.053.1] (3.1-315] [31532] [32:325 [32533] (33| < [29295] [29530] [30305] [305-31] [313.15] [3.1532] (32325 (32533 [33w]
log, (m_) [log, (GeV)] log, (m_) [log, (GeV)]

(a) VR-4j-0L-MTB (b) VR-4j-1L-MT

VR-4j-1L-MTB o caa 22 Total bhg.

N =11 single on
V5=13 TeV, 139.0 fty i x Wiets
O Z+ets | diboson
] Multjet

@oam Ewa0 Boaos Mooy Rias @Az Bram Emad  Rad
10g, (m, ) 0g, (GeV)]

(¢) VR-4j-1L-MTB

Figure D.10: Post-fit event yield in low Nje validation regions. The upper panel presents the
observed number of events and the predicted background yield after the fit. The background
category tt + X includes ttW/Z, ttH and tétt events. All uncertainties described in Section 9.4

are included in the uncertainty band.
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