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Abstract

The thesis presents the results of two searches for the direct pair-production of third
generation scalar quarks, the stop and the sbottom, in proton-proton collisions at /s =
13 TeV delivered by the Large Hadron Collider (LHC) and recorded by the ATLAS de-
tector. Third generation squarks are studied in the context of natural supersymmetric
extensions of the Standard Model, highlighting their role in the solution of the Higgs
hierarchy problem and considering both R-parity conserving and violating decay sce-
narios. The signal models of interest produce final states characterised by the presence
of two bottom quarks, and the identification of the hadronic jets generated by their frag-
mentation plays a crucial role in the analyses. The performance of b-jet identification
algorithms is studied in detail, and a novel approach for the estimate of the associated
systematic uncertainties is presented. The first analysis in the thesis is a search for a pair-
produced sbottom with two-body decays into Standard Model third generation quarks
and quasi-degenerate electroweakinos, while the second targets the pair-production of
the stop followed by R-parity violating decays into a bottom quark and a lepton. No
evidence of SUSY particles is found, and exclusion limits are set on the relevant signal

models using dedicated statistical tools.
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Introduction

When the ancient Greek philosopher and scientist Aristotle wrote in his “Metaphysics”
book collection that

“The mathematical sciences particularly exhibit order symmetry and limita-

tions; and these are the greatest forms of the beautiful”

he may not have imagined that, 23 centuries later, an international collaboration of scien-
tists would build a 27 km long circular accelerator, the[Large Hadron Collider (LHC)[[1]],

to investigate symmetry as a founding principle of nature at the scale of its elementary
constituents.

In fact, while symmetric arguments have always been employed implicitly as a mean to
obtain coherent descriptions of natural phenomena, it is only in modern times that the
notion of symmetry was applied directly to the formulation of physical laws [2]], using its
geometrical definition of invariance under a group of transformations. The revolutionary
theory of relativity published by Einstein in 1905 [3] was built on the assumption that
the physical description of any phenomena must be invariant under spacetime (Lorentz)
transformations, promoting spacetime symmetries to the role of primary principles of

nature. Throughout the 20" century, the [Standard Model (SM)| of the elementary parti-

cles [4] was developed by relating the dynamical properties of the interactions to specific
types of local (gauge) symmetries, obtaining an accurate and predictive description of
the electromagnetic, weak, and strong forces. The[SM|was further completed by the con-
cept of spontaneous symmetry breaking, introduced to explain the finite mass values of
the known particles without compromising the symmetric structure of the theory [5-7],
leading to the recent discovery of the Higgs boson [8)9] by the[ATLAS|[[10] and[CMS|[11]
Collaborations at the

This remarkable sequence of successes led the scientific community to the idea that the
existing open issues in high energy physics may be solved by a further extension of

the symmetries of the In particular, the core topic of the present thesis is the ex-
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perimental search for [Supersymmetry (SUSY)| [12,13]], an extension of the spacetime

symmetry group of the[SM|that introduces a transformation between different classes of
elementary particles, bosons and fermions, such that each [SM| particle receives a super-
partner with spin difference of 1/2. The phenomenology of models is described
in Chapter (1| under the assumption that the new symmetry, if it exists, must necessar-
ily be broken, such that the |SM|particles and the corresponding superpartners can have
different masses. More specifically, is presented as a possible solution to the Higgs
hierarchy problem [14-16], that emerges in the due to the unnatural discrepancy
between the electroweak scale (10? GeV) and the characteristic energy scale of gravity,
the Planck scale (10! GeV). In order to solve the hierarchy problem it is necessary to
place stringent constraints on the masses of a subset of particles [17], including
the superpartners of third generation squarks, the stop () and the sbottom (b), whose
searches at the are the main subject of the thesis.

After the theoretical introduction described above, Chapteris dedicated to an overview
of the experimental facilities of the Organisation, which provide a unique oppor-
tunity to search for the production of particles in proton-proton collisions with
multi-TeV centre of mass energy. The chapter also includes a technical description of
the detector, which is used to record the data analysed in this thesis. A discus-
sion of the simulation and reconstruction techniques of proton-proton collision events
in is then presented in Chapter [3| covering the most important tools that are
needed to perform the physics analyses.

The searches in this thesis target signal models where third generation squarks are pro-
duced in pairs and decay promptly into final states with two b-quarks and a variable
number of extra hadrons, leptons and [SUSY| particles. An essential tool for the analyses
is b-tagging, which is used to identify hadronic jets from b-quark fragmentation (b-jets),
allowing to select events with signal-like properties whilst reducing the impact of
backgrounds. A detailed study of the performance of the baseline b-tagging algorithm of
is presented in Chapter {4 where the impact of experimental sources of system-

atic uncertainty on the tagging efficiency is studied with [Monte Carlo (MC)|simulations

as a function of the transverse momentum of the input jets, obtaining an overall esti-
mate of the uncertainty which is then employed in the physics analyses. The study is
also useful to measure the variations of the performance of the tagger when applied to
different physics processes.

A general introduction to [SUSY|searches in [ATLAS]|is presented in Chapter [5, describ-

ing the effort of the Collaboration to cover a variety of experimental signatures from
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different scenarios, with focus on the case of third generation squarks. In addi-
tion, the chapter contains a discussion of the main aspects of the strategy followed for
the two searches in the thesis, including the definition of signal-enriched regions, the
background estimation techniques and the statistical tools for the interpretation of the
results. The first major analysis, presented in Chapter [6] and included in a recent publi-
cation [18], is a search for a pair-produced b that decays into a b-quark and a neutralino
(x?) or a t-quark and a chargino (Y]), with small mass splitting between Y" and Y| as
predicted by naturalness arguments. This is followed in Chapter[7]by a second analysis,
also published in a recent paper [19], that targets a pair-produced # with direct decay

into a b-quark and a lepton, with variable Branching Ratio (BR)|into electrons, muons

and 7 leptons.

Finally, it is important to emphasise that during my PhD I carried out my research as a
member of the Collaboration, which is formed by thousands of physicists from
(at the time of writing) over 180 institutes. The intense and constructive cooperation
with other scientists, both at the scale of the Collaboration as a whole and within the
smaller analysis teams, implied that often my individual work was strictly bound to col-
lective efforts. To help identifying my contribution towards each of the results presented

in the thesis, I collected the detailed list of my activities in Appendix [A]



1 | The Standard Model and

Supersymmetry

This chapter provides a theoretical introduction to the physics topics discussed in the
thesis. Section [1.1| presents the main features of the Standard Model of elementary par-
ticles, while Section is dedicated to a discussion of the open problems in particle
physics that are calling for an extension of the theory. Supersymmetry is introduced in
Section which includes a discussion of the main motivations for light third genera-

tion squarks at the TeV scale.

1.1 The Standard Model

The Standard Model (SM) of elementary particles is the theory that describes the phe-
nomenology of fundamental fields and interactions. It includes all the particles that have
been directly observed in high energy physics experiments, classifying them based on

their mass, spin and interaction properties.

1.1.1 Quantum Field Theories

The|SM|is a paradigm of a|Quantum Field Theory (QFT), a major theoretical construction

of the 20" century that unifies the principles of special relativity and quantum mechan-

ics. Elementary particles are described as excitations of quantum fields embedded in
a four-dimensional Minkowski spacetime, so they can be classified based on their be-
haviour under Poincaré transformations: fermions are fields with half-integer spin in
units of 2, while bosons have integer spin, 0 for scalars and 1 for vectors. Another rele-
vant property of the fields is their mass, that determines the propagation of the particles
in the spacetime in absence of interactions.

The theory makes use of the Lagrangian formalism, where all the necessary information
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to derive the field dynamics is included in a Lagrangian density function:
‘ctot = ‘Cfree + £int- (11)

In the above equation the full expression of L is split into a kinetic term L¢,.. and
an interaction term L;,,;, which describe respectively the spacetime evolution of the free

fields and the way in which they are coupled.

1.1.2 Fundamental interactions

Once the spacetime properties of the fields are defined, the following step is to exam-
ine their interactions. At the present state of knowledge, any interaction observed in
nature can be reduced to four fundamental forces: weak and strong interactions, elec-
tromagnetism and gravity. Among these only gravity is not included in the but its
measured strength is extremely low compared to the others, so its impact is negligible
in any realistic particle physics experiment.

As discussed in detail in Ref. [20], all the interaction terms of the[SM|can be derived by im-
posing that the Lagrangian is invariant under special local transformations of the fields
known as gauge transformations. When the field content of the theory is established,
the choice of a particular gauge symmetry fixes the structure of the couplings between
the fermions and new spin-1 vector fields, commonly referred to as gauge fields or me-
diators of the force. The new fields are introduced in order to preserve the invariance
of the Lagrangian under the gauge transformation, so there is a direct correspondence

between the imposed symmetry and the properties of the interaction. The full gauge
symmetry group of the [SM|is

SUB)e®@SU2),@U(1)y (1.2)

where SU(3)¢ is the color symmetry group of the strong interaction and SU(2);, ®
U(1)y is the electroweak symmetry group.

Having identified four fundamental forces allows to add an extra classification of the
elementary fields. Fermions are referred to as leptons if they only interact via electro-
magnetic and weak (electroweak) force, while they are called quarks if they also experi-
ence the strong interaction. A crucial difference between the two types of particles, that
emerges as a consequence of the different properties of electroweak and strong force,
is that only elementary leptons can be observed as free particles, while quarks are al-

ways observed in bound states called hadrons. Hadrons are known as mesons if they are
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Figure 1.1: Elementary particles of the

bosons, such as pions or kaons, while they are called baryons if they are fermions, with
the most common examples being protons or neutrons. Figure [1.1| shows the presently
known elementary particles of the[SM| classifying them in quarks, leptons, gauge bosons

and an additional scalar boson, the Higgs.

Electroweak force

The first fundamental interaction described by the is the electroweak force, which
appears in the theory as a unified description of electromagnetic and weak forces. The

electroweak force is based on the SU(2), ® U (1)y symmetry group [4,21}22] introduced

by Glashow, Weinberg and Salam to combine the features of|Quantum Electrodynamics|
(QED)|and of a formal description of the Fermi theory of weak interactions where the
SU(2)y, structure had first emerged. The L of the SU(2), group stands for left: only the

left chiral components of the fermion fields (spinors) carry a weak isospin charge and

therefore experience the weak interaction.
When the SU(2), ® U(1)y symmetry is imposed in the Lagrangian four vector bosons
are obtained: three W/ bosons originating from the SU(2), part and one B* boson

originating from U(1)y. Mass eigenstates are then derived by mixing the four gauge
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bosons as follows:

we - Wi F Wy
V2
At = B"cos by + Wi sin Oy, (1.3)
Zt = Wi cosby — B"sin by,

In the above equations the mediators of electromagnetic and weak interactions, the pho-
ton A, the Z and the two W+ bosons, appear as linear combinations of the eigenstates of
SU(2)r and U(1)y. The last two rows contain a fundamental parameter of the the
Weinberg angle 6y, whose value has been accurately measured by various high energy
physics experiments at different energy scales. In addition, to obtain the correct quan-
tum numbers of each[SM|particle, the hypercharge Y introduced in the SU(2), @ U(1)y
group needs to be related to the electric charge Q and the weak isospin 73 through the

Gell Mann-Nishijima equation:

Q=147 (1.4

As extensively tested in the experiments, the W= bosons carry an electric charge of
(@ = +£1 and are only coupled to left handed fermions through their weak isospin charge
Ts. The Z boson is instead electrically neutral and couples differently to left and right
handed fermions: for left handed fermions the coupling depends on both 75 and (), while

for right handed fermions it is only proportional to ().

Strong force

Together with the electroweak force, the[SM|provides a full description of the strong in-

teraction. The corresponding field theory,(Quantum Chromo Dynamics (QCD), is based

on the SU(3)¢ symmetry group, which introduces eight vector boson mediators known
as gluons [23]]. The charge associated with the SU(3) symmetry is the colour, C, and
the elementary fermions that carry it are the quarks in Figure Unlike photons in
gluons carry colour charge, reflecting the non-abelian character of SU(3)¢. This
implies that they are allowed to couple with each other, with significant impact on the
phenomenological properties of the interaction.

The Lagrangian and the masses of the quarks can be used to compute the energy
scale evolution of the coupling constant «, that can be expressed as a function of the
transferred energy s

s (1%) = e (15)
(33 — 2ny) log (A“—>

QCD
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where n; is the number of quarks with mass below . (see Ref. [24]) and Agcp ~ 200
MeV is a characteristic scale of the theory. When the quark content of the is con-
sidered, Equation [1.5]shows that the coupling constant «, decreases as a function of the
characteristic scale of the interactions. On the other hand, the coupling diverges rapidly
when p decreases and approaches A. This implies that the theory is only perturbative at
high energy scales, because the necessary condition oy < 1 is only true for ;1 > Agep.
In addition, three more essential features of emerge:

« Asymptotic freedom: as — 0 as @ — 00, so in the high energy limit the strength

of the interaction becomes negligible and quarks behave as free particles [25].

« Confinement: at low energies (or large distances) the coupling strength increases
rapidly, keeping the quarks strongly bound to each other and implying that only

colour singlet states can be observed as free particles.

« Hadronisation: when two coloured objects are split, the extraction of a new pair of
hadrons from the vacuum soon becomes energetically preferable with respect to

a further increase in distance.

Hadronisation is responsible for the production of jets at high energy physics experi-
ments, where quarks or gluons with high momentum form cascades of hadronic parti-
cles that terminate only when no more energy is left to extract more objects from the

vacuum.

1.1.3 The Higgs mechanism

The theory of electroweak and strong interactions describes the experimental data with
remarkable precision. However, a major limitation comes from the fact that its funda-
mental premises, gauge invariance and chiral symmetry, are not compatible with the
presence of mass terms in the Lagrangian. If no extra feature is added, a Lagrangian
with the interactions described in Section predicts all the particles to be mass-
less, in clear contrast with the experimental evidence.

The problem of introducing the masses of the particles without spoiling gauge and chi-
ral symmetries can be solved by a spontaneous symmetry breaking mechanism [5-7].
The idea is to postulate the existence of an electrically neutral scalar complex field, the
Higgs field, whose interaction with the other particles is responsible for their masses.

The Lagrangian is expanded with an additional term

Ly = (D"9)" (Dno) — V(¢'9) (1.6)
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Figure 1.2: Shape of the Higgs potential for a one-dimensional complex field ¢ with A > 0
and p? < 0.

where ¢ is the Higgs field, a weak isospin doublet with hypercharge Y = 1, and D,
is a covariant derivative that contains the electroweak gauge fields W/ and B*. The

first component of ¢ has electric charge +1 while the second is neutral, and the full

I R W Y R S 10
¢_<w>‘v6<%+w)' -

The term V' in the Lagrangian in Equation [1.6)is the Higgs potential:

expression is given by

V (6'¢) = 1261 + A (67¢)” (1.8)

where 1 and A are new parameters that identify a mass term and a self-interaction term
of the field ¢. The potential is symmetric under rotations in the ¢ space and its shape
depends on the sign of the two parameters. When considering A > 0 and p? < 0, a
characteristic shape with a continuum of minima is obtained, as shown in Figure
Due to the form of the potential, the field is forced to select an arbitrary minimum that
breaks the rotational (gauge) invariance. The conventional choice is (¢3) = vand (¢1) =
(p2) = (¢4) = 0, where v is a parameter with the dimension of an energy known as the
[Vacuum Expectation Value (VEV) of the Higgs field:

v=4/—. (1.9)
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The above choice allows to write a perturbation of the field ¢ around the minimum as

1 0
= NG (v + H([E)) (110

where three degrees of freedom are removed and the remaining one describes a scalar
field with excitations around the v. If the expression is used in the Lagrangian
the mass terms of the bosons appear from the expansion of the covariant derivative
D,, coupled to the Higgs field, yielding:

my = % mz = g V9> + g7 ma =0 (1.11)

where g and ¢’ are the couplings strengths of the SU(2), and U(1)y groups, related to
the Weinberg angle by

/

. g
sin(Oy) = ——L .
Vg +g?

The spontaneous symmetry breaking mechanism predicts a relation between the masses

(1.12)

of W and Z bosons, my, = mz cos(0y ), that is consistent with the experimental mea-
surements.

Once the masses of the gauge bosons are established, the following step is to consider
the case of the fermions. A mass term in its simplest form, mi) = m(Y ;g + L),
is not gauge invariant because the left handed components of the fermions are SU(2),
doublets while the right handed components are singlets, so they transform in a different

way. The solution is to introduce the Higgs field in the term as

Ly = —M(Upovr + Yrotyr) (1.13)

where the gauge invariance is preserved thanks to the presence of two SU(2) doublets.
In the case of leptons doublets, (v, ¢), the term can be rewritten using Higgs field ex-

pansion from Equation

Lr=— N\ [(w )1 (U EH> lr+Llr (0,v+ H) (?) ]
L (1.14)

/\gU /\g - my -
= — — W) — —— = — —H
\/_M \/_ o= mell - 174

where the two terms that appear describe the mass of the leptons and their interaction
with the Higgs, both related to the v and the Yukawa couplings \,. Equation [1.13]

can also be used for the masses of down-type quarks, but additional terms are needed for
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up-type quarks and possibly for neutrinos. The new terms can have the same structure

of Equation[1.13] but they require the introduction of the complex conjugate of the Higgs

field defined as:
. 1 (v+ H
P = —iTt = —— . 1.15

In summary, the spontaneous symmetry breaking mechanism is based on the introduc-
tion of a new Higgs field with four degrees of freedom, whose definition is given in
Equation (1.7} Three degrees of freedom are then used to generate the mass terms of the
W= and Z bosons, as a result of the choice of vacuum (Equation [1.10). The remain-
ing degree of freedom instead appears as a new scalar particle, the Higgs boson, with
Yukawa couplings to the other [SM]particles and with mass given by the quadratic term
of the potential in Equation

m3 = 2u* = 2\, (1.16)

The observation of the Higgs boson

The discovery of a new scalar particle with mass around 125 GeV, compatible with the
properties of the Higgs boson, was announced by the (8] and [9] Collab-
orations on July 4*%, 2012. Since then the Higgs has been measured in multiple decay
channels, yielding no significant deviation with respect to the[SM|predictions. The mass
is now known with a precision of about 0.2% [26.[27] and the signal strength in the dif-
ferent channels is consistent with the predictions for Yukawa couplings, as shown by
the combined [ATLAS| and [CMS| summary plot in Figure The couplings are com-

patible with a linear fit over several orders of magnitudes, providing strong evidence

of the validity of the electroweak symmetry breaking mechanism. The precision of the
measurements is limited by the capabilities of the experiments, where some decay
channels are particularly challenging due to the combination of low signal cross section
and large backgrounds. Improving their accuracy is a major goal of the experimental
community, because any deviation with respect to the predictions would indicate the
presence of new physics[Beyond the Standard Model (BSM)}

1.2 The limitations of the Standard Model

The[SM|provides an accurate and self-consistent description of fundamental interactions,

extensively tested in high energy physics experiments. Despite its major successes, how-
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Figure 1.3: Strength of the Higgs boson couplings to the particles as a function of
their masses [28]]. The linear fit shows that the measured values are consistent with the

expectations within uncertainties.

ever, there are several reasons to believe that the present theory is not complete. This
section describes the most compelling issues that call for an extension of the high-
lighting the problems related to the Higgs mass scale and the absence of a dark matter

candidate.

1.2.1 The Higgs hierarchy problem

A major problem of the arises from the large difference between the scale of the
Higgs boson mass, 10? GeV, and the Planck scale, 10! GeV, at which quantum gravity
effects are expected to dominate with respect to the other interactions [14-16]]. In the

theory, the value of the Higgs mass can be computed as the sum of two components:
mj; =mj, + omy (1.17)

where myy, is the bare mass, a free parameter of the Lagrangian, and dmy is a radiative
correction that depends on the Higgs couplings to other particles. Due to the structure of
the Yukawa couplings, it is easy to show that a major correction is given by the diagram

in Figure where a fermion loop is added to the Higgs propagator. For a fermion with
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Figure 1.4: Fermion loop correction to the Higgs boson mass.

coupling A¢ the size of the correction is given by

A
Smy|; = —%Af@ + ... (1.18)

where Anp is the highest mass scale in the theory. Due to the quadratic dependence
on Ayp, the correction dmy is strongly sensitive to any particle with mass beyond the
electroweak scale. In particular, the reasonable assumption that new physics exists at
the Planck scale implies that dm is of the order of 10'° GeV, pushing my far from the
measured value of ~ 125 GeV. The only way to bring the value of my to the electroweak
scale is to fine tune the bare parameter 1y, in Equation[1.17]such that it almost perfectly
cancels the large radiative correction. The Higgs mass is thus obtained as the difference
between two terms of 10'° GeV each.

The large discrepancy between the measured scale of the Higgs boson mass and the
Planck scale is known as the Higgs hierarchy problem. The solution based on the
tuning of mpy, is in contrast with the argument of naturalness, according to which these
fine cancellations should not occur unless they arise from a specific feature of the theory.
For example, the light masses of fermions and vector bosons are not concerning because
their value is protected by chiral and gauge symmetries, which imply that any radiative
correction can only be proportional the mass itself ( my, o< m,, and §A? o A?). The case
of the scalar Higgs boson is special because no symmetry is protecting the mass, which
can then receive larger corrections as the one in Equation A possible solution to
the problem is to postulate the existence of an extra symmetry that provides a natural
explanation to the discrepancy between the electroweak and Planck scales. This is what
happens in supersymmetric extensions of the as described in Section[1.3.3]
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1.2.2 Dark matter

Astrophysical observations have identified a variety of systems where the amount of
ordinary matter, estimated through the light that it emits, is incompatible with the grav-
itational patterns. These results indicate the presence of an extra type of matter, referred
to as dark matter, that must contribute to the gravitational effects without yielding any
extra luminosity [29,30]. The existence of dark matter is further supported by additional
observations, in particular by the measurements of the cosmic microwave background
carried out by WMAP [31] and Planck [32]. A favoured hypothesis for the nature of dark
matter is that it is composed of [Weakly Interacting Massive Particles (WIMPs)| [33], and
the fact that none of the[SM]particles is able to provide a viable candidate is an in-

dication that the present theory is incomplete. Searches for dark matter can be conducted

with different approaches, including collider experiments where the new particles may
be produced in exotic physics processes. In particular, Supersymmetric theories can em-

bed dark matter candidates in several ways, making them extremely interesting to search

for at the

1.2.3 More open issues

Along with the hierarchy problem and the absence of a dark matter candidate, there is
more evidence that motivates the need for physics. In the list below I briefly discuss

some open issues that are being addressed by the scientific community:

« Grand Unification: Following the success of the electroweak theory, where weak
force and electromagnetism are successfully described as the low energy limit of
a single interaction, theorists have been exploring the possibility of a further uni-
fication that incorporates also the strong force. For this purpose, it is necessary to
examine the evolution (running) of the coupling constants of each[SM|interaction
as a function of the energy scale [34]. As seen in Section in the case of
(Equation [1.5), the value of the constants has a non-trivial dependence on the en-
ergy scale determined by the number of degrees of freedom of the theory. In the
the evolution of the coupling constants of electromagnetic, weak and strong
interactions is not converging to a common value, as shown by Figure This is
in contrast with the idea of a unification of the interactions, that requires a unique
coupling strength at a Grand Unification scale pugyt. The necessary behaviour can
be recovered by introducing which varies the particle content of the theory



15 1.2 The limitations of the Standard Model

1 1
o o

60 ~_ Standard Model 601 ~— Minimal

=~ supersymmetric

50} N :
AN extension of
“~.  Standard Model
~

e ——

- — I
1 10° 1010

—T— — —T—
10" 1 10° iy ™
Energy, GeV Energy, GeV

(a) (b)

Figure 1.5: Evolution of the coupling constants of electromagnetic, weak and strong
interactions as a function of energy in the (a) and in a supersymmetric extension
(b) [35].

and modifies the scale dependence of the constants such that the three curves can

intersect (Figure [1.5b).

« Neutrino sector: The[SM|predicts the existence of three types of massless neutrinos
that can only convert into their corresponding charged lepton via electroweak in-
teractions. However, the recent discovery of neutrino oscillations violates lepton
flavour conservation and indicates that at least two of the three species must have
non-zero mass [36]. Both these properties imply that the neutrino sector of the
is not complete, calling for a deeper understanding of the underlying physics.

Assuming a total of 3 neutrino flavours, the relation between mass and interaction

eigenstates in the neutrino sector is described by the|Pontecorvo-Maki-Nakagawa-|

ISakata (PMNS)| 3 x 3 matrix [37], which can be parametrised in terms of mixing

angles between flavours (02, 013, f23) and a variable number of extra phases de-
pending on whether neutrinos are considered as Dirac or Majorana fermions [38]].
Several experiments are targeting a full measurement of the neutrino parameters,
and the most recent results are summarised by NuFIT-v3.2 [39,40]. The ordering
of the masses of the three neutrinos is still not known, and two possibilities re-
ferred to as normal hierarchy and inverted hierarchy remain viable based on the
experimental data. Similarly, the parameters of the PMNS| matrix are still not fully

determined, and their values depend on the assumption on the mass hierarchy.
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« CPviolation: In the[SM]the only measured source of CP violation is a complex phase
in the [Cabibbo-Kobayashi-Maskawa (CKM)| matrix [41], which is not sufficient to

explain the relative abundance of matter and antimatter in the universe [42]. In

order to solve this puzzle, additional sources of CP violation are expected to appear

in new physics scenarios.

« Gravity: As previously discussed in this chapter, no description of gravity is in-
cluded in the SM

1.3 Supersymmetry

This section provides an introduction to supersymmetric extensions of the [12,13],
showing that they can solve many of the outstanding issues in high energy physics. The
section begins with a theoretical introduction to supersymmetric Lagrangians in Sec-
tion while Section introduces the [Minimal Supersymmetric Standard Model|

(MSSM)| and its particle content. Finally, Sections and describe in detail the
classes of models that are relevant for the analyses presented in this thesis.

1.3.1 Supersymmetric theories

Supersymmetry (SUSY) is a type of spacetime symmetry that extends the Poincaré group
of the SM with a new transformation between bosonic and fermionic states. In the

two distinct types of symmetry are implemented:

« Spacetime symmetries, that form the Poincaré group and cause the conservation of

four-momentum and angular momentum.

« Gauge symmetries or local symmetries, that result in the conservation of the asso-

ciated charges.

A fundamental theorem by Coleman and Mandula [43] states that local and spacetime
symmetries can only be combined as direct products, as it happens in the otherwise
the theory would be unable to predict scattering amplitudes with non-zero probability.
This seems to imply that there is no way to introduce new hybrid types of symmetries,
because the interactions between the fields would no longer be described. However, it
can be shown that the Coleman-Mandula theorem does not apply to symmetries gener-

ated by fermionic transformations, where an operator () acts on a state and modifies its
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spin by % These special types of symmetries are known as supersymmetries, and the

corresponding transformations are given by:

Q) |boson) = |fermion) (1.19)

@ |fermion) = |boson)

The spin difference between the initial and final state of the transformation implies that
the operator () must be a spin—% object. If welet ), (o« = 1, 2) and QE be the components

of the generator () and of its hermitian conjugate QT, their anticommutator is given by

{Qa, QLY = 2941, (1.20)

where p,, is the Lorentz four-momentum and 7* are the Dirac matrices. Other important

commutators are:

[(M?7,Qu) = —i(0")0 Qs
{QoQs} = {QL.QL}=0 (1.21)

", Qd = [p*,QL] =0
where M*? is the generator of the Lorentz transformations. From the last line it can be
seen that the generator ) commutes with p? = m?, which implies that fermion-boson
pairs related by the transformation have the same mass. In supersymmetric extensions of
the[SM|the commutators of () with the generators of the gauge transformations must also
vanish, in order to preserve the existing structure of the theory. Fermions and bosons
related by ) must then have the same SU(3)¢c ® SU(2), ® U(1)y quantum numbers,
which is not the case for any pair of particles in the indicating that none of the
known particles can be regarded as the superpartner of any other. Since needs
to apply to all fields in the theory, it follows that minimal extensions of the require
the introduction of a new superpartner for each particle, incrementing the number of

elementary states by at least a factor 2.

Superfields

The particles and their superpartners are organised in supermultiplets that con-
tain two bosonic and two fermionic degrees of freedom. The fermions are described by
Weyl spinors [44] with two polarisations, and for each of them there is a corresponding
bosonic state. When the operators () and Q' act on the supermultiplets, they transform
the bosonic components into the fermionic ones and vice versa. Depending on the spin

of the particles involved, the supermultiplets can be classified as follows:
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Chiral supermultiplets contain spin-3 fermions with left and right handed compo-

nents, f and fr, and two spin-0 partners known as scalar fermions or sfermions.
The two scalars are conventionally labelled f1. and fg, where the tilde is used to
identify counterparts of [SM| particles and the L and R labels are referred to
the chirality of the partners.

Gauge supermultiplets contain vector bosons, assumed to be massless, and two spin-

1 . .
5 Weyl fermions known as gauginos.

Gravitational supermultiplets include the spin-2 graviton and a spin-% partner, the

gravitino.

1.3.2 The Minimal Supersymmetric Standard Model

This paragraph describes the simplest supersymmetric extension of the known as
Minimal Supersymmetric Standard Model (MSSM), where a new superpartner is added
for each[SM] particle. The MSSM|preserves the SU(3)c ® SU(2), ® U(1)y gauge sym-

metry of the Lagrangian, so the quantum numbers of particles and superpartners are the

same.

The field content of the theory is the following:

A chiral supermultiplet q;, z-Gr, r for each quark in the

A chiral supermultiplet ¢, R-E 1,.r for each lepton family.

A gauge supermultiplet for each vector boson in the and its spin-% partner:
BO'BOs Wi’Wia 9-9.

Two chiral supermultiplets, H,-H,, and Hy-H,, that embed the Higgs and give
mass to bosons and fermions through the usual spontaneous symmetry breaking
mechanism. Among the total of eight degrees of freedom in H, and H,, only
three are involved in the symmetry breaking, so the remaining five can appear as

observable states:
- H#*: two charged Higgs states.

- AY a CP-odd neutral Higgs.

- hY and H°: two neutral CP-even Higgs fields, one of which must be the
Higgs boson.
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SUSY Lagrangian and R-parity

Once the field content is defined it is possible to examine the most general expression
of the Lagrangian, that contains a larger number of terms with respect to the
Some of these terms violate the conservation of lepton and baryon number, which is
instead prohibited in the so they enable processes like proton decay that are heavily
constrained by experimental data. In order to remove them from the Lagrangian,
a solution is to introduce a new quantum number known as R-parity [45] that can be

expressed as a function of the baryon and lepton numbers, B and L, and of the spin S:
Pp = (—1)3B-D)+25, (1.22)
With the above definition, R-parity provides a simple classification of the particles:
« [SM|particles — Pr =1

- [SUSY|particles — P = —1

In models where R-parity is conserved, referred to as|R-Parity Conserving (RPC)]

the Lagrangian terms that do not conserve lepton and baryon number are automatically

forbidden. The structure of the remaining terms implies that any Feynman diagram must
only include vertices with an even number of] particles, with relevant consequences

on the phenomenology:
- [SUSY] particles must be produced in pairs.

+ The decay of a particle must contain an odd number of particles.

« The|Lightest Supersymmetric Particle (LSP) must be stable.

Finally, by analogy with the models described above, [SUSY|models where R-parity
is not conserved are referred to as|R-Parity Violating (RPV)]

SUSY breaking

As seen in Section supersymmetric extensions of the require that particles
and superpartners are mass-degenerate. This is clearly incompatible with the experi-
mental data, because so far no evidence of particles has been found. The lack of
observations indicates that if it exists, must be broken in a way that makes the
superpartners significantly heavier than the [SM| particles.
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In the absence of experimental hints, the mechanism responsible for[SUSY|breaking can
only be guessed based on generic arguments. As discussed in Ref. [46], a spontaneous
breaking is not possible within the framework of the MSSM] without the introduction of
at least one extra field, with little or no indication about its properties. For this reason, a
standard approach is to keep the field content of the theory to the minimum and intro-

duce extra terms that break the symmetry explicitly, obtaining a Lagrangian of the form:

L = Lgusy + Lsost (1.23)

where the soft label indicates that the new terms should only be regarded as a per-
turbation of the supersymmetric part of the Lagrangian. In practice, the soft term is
parametrising our ignorance about the exact mechanism responsible for the[SUSY|break-
ing, describing its consequences without specifying its origin. The inclusion of the soft
term increases the number of free parameters of the theory to 105 in addition to the
ones of the and the phenomenology of the models can vary dramatically depend-
ing on their values. A common approach is to identify classes of models based
on assumptions that constrain specific sets of parameters, as it is done in the two cases

described in Sections[1.3.3]and [1.3.4]

Mass eigenstates

As a result of breaking, the masses of the superpartners become free parameters
and can be different from those of the [SM| particles. particles with the same quan-
tum numbers can also mix, so the mass eigenstates are not necessarily the same as the
interaction eigenstates introduced in the previous paragraph. The list below provides an
overview of the mass eigenstates in the that are also summarised in Table

Sleptons and squarks Contrarily to what happens for standard particles, the left and
right handed superpartners of quarks and leptons are not constrained to have equal
mass. It is hence possible to define a mixing matrix that rotates the interactions
eigenstates ¢, -G into mass eigenstates ¢;-g», where by convention ¢; is the light-
est. The structure of the mixing matrices is similar for squark and sleptons, and

its expression in the case of third generation squarks [47] is given by:

2

M = < Ma aqT‘] ) (1.24)

AgMyg qu
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with
mgL = Még + m3 cos 23 (IgL — e, sin’ HW) + mz, (1.25)
m?l-R = M{2U7D}3 +m? cos 23 e, sin” Oy + mg, (1.26)

agmg = { (A¢ — peot B) my (§=1) (1.27)

(Ay — ptan B)my, (G=10).

In the above equations I3 is the third component of the weak isospin, e, the frac-
tional electric charge of the quark ¢ and m  is the mass of the Z boson. In
addition, p is the Higgsino mass parameter in the and tan [ is the ratio be-
tween the of H, and H,. The remaining parameters are introduced in Lg.:
Mg, v,.p, are the third components of the mass matrices of left and right handed
squarks, corresponding to the third generation, while A,; are the coefficients of
their trilinear coupling terms (see Ref. [48]]). The impact of the mixing is particu-
larly relevant for the partners of the heavy flavour families, stop (, ») and sbottom
(51,2), due to the presence of the mass of the fermions in the off-diagonal terms

of the matrix.

Gluinos Since gluons and gluinos carry colour charge, no mixing can occur and the

mass eigenstates correspond to the interaction eigenstates.

Neutralinos and charginos The charged Higgs states mix with the superpartners of
the gauge bosons, the gauginos, yielding two pairs of positively or negatively
charged spin-% mass eigenstates known as charginos ()@t, with ¢ = 1,2). The

mixing matrix of charginos is given by:

( M, V2myy sin 15} )

VI cos y (1.28)

in the (W=, H*) basis. In Equation M, and M, are gaugino mass parameters
from Lo, mw is the mass of the W boson, and  and y are defined as in Equations
11.24H1.27

In a similar way, four neutral spin—% particles called neutralinos (Y%, with i =
1,2,3,4) result from the mixing of the neutral interaction eigenstates from the

Higgs and gauge sectors. The 4 x 4 mixing matrix in the (B, W°, H,, H,) basis is
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Names Spin | Pr | Gauge Eigenstates | Mass Eigenstates
Higgsbosons | 0 | +1| HY HY HFf H; | h° H® A° H*
4y, ag dp dg (same)
squarks 0 -1 31 Sp ¢1 Cp (same)
iy tgr by bg ty 1y by b
€1, €g e (same)
sleptons 0o | —1 fr fir U, (same)

T, TR Uy T To Uy
neutralinos | 1/2 | =1 | B® W° H° HY X1 X2 X3 X4
charginos | 1/2 | =1 | W* H} H; 5 Xe

gluino 1/2 | -1 g (same)

Table 1.1: [SUSY|particles and Higgs sector in the MSSM] [49]].

given by:
M, 0 —my cos Bsinfy,  mysin [ sin Oy,
0 My my cos 3 cosby  mysin [ cos Oy,
—mycos Bsinfy  my cos [ cos Oy, 0 !
mysin fsinfy,  —my sin B cos Oy — I 0
(1.29)

where the same parameters of the previously defined matrices are appearing.

Phenomenological MSSM

The number of free parameters in the MSSM] after SUSY|breaking can be reduced under

the following assumptions:

+ The only source of CP violation in the theory is the matrix.

« No flavour changing neutral currents exist at tree level, implying that the sfermion

mass matrices and trilinear coupling matrices must be diagonal.

« Universality applies to the first and second generation of the sfermions, whose

masses are assumed to be degenerate.

As a result, the free parameters of the theory can be reduced to 19: the ratio tan /3 be-

tween the of the two Higgs doublets, the mass of the pseudoscalar Higgs M4,
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Figure 1.6: Scalar loop correction to the Higgs mass that cancels the fermion loop in

Figure

the Higgs-Higgsino mass parameter 4, five mass parameters for 15! and 2"¢

generation
sfermions and five more for 3" generation sfermions, three mass parameters for gluino,

Bino and Wino and three more parameters for third generation trilinear couplings. This

simplified version of the theory is known as[phenomenological MSSM (pMSSM)|

1.3.3 SUSY as a solution to the hierarchy problem

The can address many of the outstanding issues of the including the Higgs
hierarchy problem [50]. As discussed in Section[1.2.1] the problem originates from the di-
vergent radiative corrections to the Higgs mass shown in Figure 1.4} that make the value
of mpy extremely sensitive to any new physics at high energy scales. introduces
additional loops [49] involving the scalar partners of the fermions, as the one in Figure

so an extra radiative correction appears for both right and left handed superpartners:

[As|
1672
where ), is the Yukawa coupling of the sfermions to the Higgs, and implies that

As = Ay for each fermion-sfermion pair. As a result, the two scalar contributions cancel

Smils = + Adp + ... (1.30)

exactly the divergent correction caused by the fermion loop, whose expression is defined
in Equation This implies that even hypothetical fermions with mass of the order
of the Planck scale would not have an impact on the Higgs mass, so the measured value
mpy ~ 125 GeV can be obtained without any unnatural tuning of the parameters. In
other words, is forcing A\ and A, to be the same and, by doing so, it is removing
the quadratic divergence in Axp.

At higher order in perturbation theory, it can be shown that both fermions and scalars

coupled to the Higgs yield corrections of the form:

A A
dmi|x = i167)i2m‘2X log (%) +.., X=/fs (1.31)
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where there Anp appears in a logarithm but a quadratic dependence on the mass is in-
troduced, and the sign is again opposite for scalars and fermions. In realistic models
where is broken the above terms do not cancel, yielding a non-zero correction

to the Higgs mass due to the mass difference between the standard particles and their

A ANP ANP
omylsrs = 1672 [m? log (m—?> — m; log (W

s

partners:

(1.32)

In order to keep the size of the correction under control, the difference between the
masses of standard and particles with large couplings A to the Higgs must not be
too large. The exact threshold on the mass difference is arbitrary, and is determined by
the amount of fine tuning that one is willing to accept without regarding the model as
unnatural.

In the case of the top quark and its partner, the stop (), the correction in Equationm

can be expressed as a function of the parameters of L. [17]:

3y; Anp
6m?—[ stop = _8_7':2 (mé?’ + m2U3 + |At|2) log (ﬁ (133)

where y; is the Yukawa coupling of the top quark and the dependence on the mass in the
logarithm is neglected. In addition, as introduced in Equations the mg, and
my, parameters are the third components of the mass matrices of left and right squarks,
while A; is a trilinear coupling coefficient.

In the an even stronger constraint is placed on the Higgsino mass parameter
1, which is related to the Higgs mass at tree level and therefore should be close to the

measured value of my:
2
m
TH = —|u>+ ...+ om?. (1.34)

Finally, the gluino mass parameter M; is also constrained because it enters a 2-loop

correction to the Higgs mass:

2
12 | gtuino ~ —27% (52) 1051 1og? @TN\P;) . (135)
The above arguments can be used to classify the mass eigenstates of the Higgsi-
nos, third generation squarks and gluinos form the natural spectrum, while the
rest of the sparticles can in principle be heavier without spoiling the naturalness of the
theory, so they are referred to as decoupled

The full spectrum of a natural model is shown in Figure If the parameter
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Figure 1.7: Natural MSSM| mass spectrum [17]. The particles on the left side are con-

strained by naturalness arguments, while the remaining ones are decoupled.

p in the mixing matrices of charginos and neutralinos (Equations is assumed
to be significantly smaller than M; and M,, three light and semi-degenerate Higgsino-
like mass eigenstates are predicted. Due to the structure of the squark mixing matrix
(Equation the constraints on mg, my, imply that the left handed third generation
squarks and the right handed ¢ must also be light, with favoured decays into top or
bottom quarks plus one of the three Higgsino-like states. Gluinos are light because of
the constraint on M3, while the lightest Higgsino-like state is assumed to be the and
provides a good candidate for dark matter.

Natural models are targeted by several searches in |[ATLAS| including the

analysis presented in Chapter [6] of this thesis.

1.3.4 SUSY models with spontaneous 2-parity breaking

The imposition of R-parity, as described in Section is an ad-hoc adjustment to the
theory which is needed to remove unwanted terms from the Lagrangian. A formal way
to embed it in the[MSSMis to enlarge the gauge symmetry group to SU(3)c® SU(2),®
U(1)y ®U(1)p_1, where the additional U (1) g_;, group naturally includes R-parity con-

servation. The caveat is that the U(1)5_;, symmetry is not observed at the electroweak
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scale, so a breaking mechanism must be assumed and RPV]terms can appear as a conse-
quence.

A minimal way to break U(1)p_j, spontaneously, without spoiling experimental con-
straints such as the limits on the proton decay, is to assume that right-handed scalar
neutrinos (sneutrinos) develop a non-zero [51]. This gives rise to a class of models
that can be referred to as minimal B — L with at least three major phenomeno-

logical features:

+ The introduction of terms implies that the can carry colour or electric
charge without causing a conflict with astrophysical data, because a prompt decay

into [SM| particles is possible.

« Since the spontaneous breaking of U(1)p_1, happens through the of right
handed sneutrinos, the branching ratio of the decays can be directly re-
lated to the neutrino mass hierarchy and to the value of the mixing angle 0,3, as

further described below.

« Once the[LSP|is chosen, its decays are fixed by the theory as a result of the coupling
structure of the minimal MSSM|

The nature of the [LSP]is not determined by the properties of the minimal B — L
but the distinctive trait of the theory is that it allows such particle to be colour charged. In
this context, as described in detail in Ref. [51], third generation squarks are particularly
interesting candidates to be searched for at the experiments. Considering the
case of the stop (t), the decay mode determined by the structure of the couplings
is the following:

th—bl, l(=epurT (1.36)

where the [BR|into electrons, muons and 7 leptons depends on the many free parameters
of the theory.

As anticipated, it is possible to correlate the [BR| of the ¢ decay with the neutrino mass
hierarchy and the mixing parameter sin®(fy3). Figure [1.8] (from Ref. [51]) shows a full
scan of the ¢ in the BR(e)-BR(7) plane as a function of the free parameters of the
theory, considering normal and inverted neutrino mass hierarchies and using two differ-
ent values of sin?(fy3) derived from NuFIT-v1.2 [39,/52]. Interestingly, the results of the
scan imply that the experimental measurement of the [BR|of a ¢ within the minimal
B—-L would provide useful indications to discriminate between the neutrino

mass hierarchies and the different possible values of sin?(63).
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Figure 1.8: Scan of the @ of the ¢ decay into b-e, b-y and b-7 as a function of free
parameters of the minimal B — L|MSSM,| for a fixed mass hierarchy and for a fixed value
of sin?(y3) . The scan parameters in the plot include the mass of the #, ranging from
400 GeV to 1 TeV. The values of sin?(f,3) are taken from NuFIT-v1.2 .

The signal model described in this paragraph is targeted by a dedicated search presented
in Chapter
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2 | LHC and ATLAS

The present thesis focuses on the analysis of proton-proton collisions delivered by the
accelerator (1] at during the 2015 and 2016 operation at /s = 13 TeV, and
recorded by the detector [10]. This chapter provides an overview of the experi-
mental setup, starting from a discussion of the accelerator complex (Section
and the experiments served by the (Section [2.2), and continuing with a description

of [ATLAS|and its components (Section [2.3).

2.1 The Large Hadron Collider

The European Organisation for Nuclear Research hosts the largest particle ac-
celerator in the world, the Large Hadron Collider (LHC), in a 27 km long underground
tunnel situated at the border between Switzerland and France. The [LHClis able to ac-
celerate two beams of protons in opposite direction, delivering collisions at a maximum
centre of mass energy /s = 14 Te The collisions take place in four interaction points,

where particle physics detectors are employed to reveal and measure their products.

2.1.1 Particle accelerators

In a circular collider, the trajectory of the beams is maintained primarily by an array of
dipole magnets that produce a bending field orthogonal to their direction of motion. The
relativistic relation

p=0.3BR (2.1)

expresses the momentum p of the particles (in GeV) as a function of the magnetic field B

(in Tesla) and the radius R of the accelerator (in meters). The rate of physics collisions

'The design energy /s = 14 TeV has not been reached yet due to technical limitations. In the data
taking period relevant for this thesis, the operated at /s = 13 TeV.
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delivered by the accelerator is measured by the instantaneous luminosity:

_ 1dN

inst — T 5, 2.2
e= (2.2)

where dN/dt is the rate of occurrence of a benchmark physics process and o is its to-
tal cross section. The istantaneous luminosity is measured in inverse barn per second
(b=1s~! where 1 b = 10~%* cm?) and its value is independent of the particular process

considered, so it can be expressed as a function of beam parameters:

Nn?
dro,oy

'Cinst - f (23)

In the above expression f is the revolution frequency, N is the number of particle bunches
in which the two beams are divided (assumed to be equal for both), n is the number of
particles in each bunch and 47o,0, is the transverse area of the bunches at the inter-
action point, described by the gaussian widths o, and o,. The total amount of data

delivered by the accelerator is given by the integrated luminosity:

t2
‘Ctot = / ‘Cinst dt (24)

t1

with integral taken over the relevant period of operation. One of the advantages of circu-
lar colliders is that the beams are kept in their trajectory for long periods of time, so the
individual proton bunches can be repeatedly used for collisions instead of decelerating
them after a single crossing.

The main limitation of circular colliders is the synchrotron radiation that charged par-
ticles emit when they experience transverse acceleration. The associated rate of energy

loss can be expressed as
de | B!
dt —  miR?

where £ is a dimesional constant, m is the mass of the accelerated particles and R is the

(2.5)

radius of curvature of their trajectory. Since it is inversely proportional to m*, the en-
ergy loss is extremely significant for light particles such as electrons or positrons, while
for protons it is reduced by a factor (m./m,)* ~ 107'2. At electron-positron circular
colliders, synchrotron radiation is the main effect that determines the maximum energy
reach. Hadron colliders are less affected by this phenomenon, and the limiting factor
for their energy is the maximum magnetic field that can be produced by the bending

magnets.
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2.1.2 Physics at hadron colliders

Circular accelerators are designed to provide head-on collisions of two beams, that are
generally organised in particle bunches as already introduced in Section Each in-
tersection between two bunches, or bunch crossing, generates a variable number of in-
teractions resulting in the production of an ensemble of collision remnants known as
final state objects, that can be detected by the high energy physics experiments. The
collection of final state objects corresponding to a given bunch crossing is commonly
referred to as a physics event.

At highly energetic hadron colliders such as the the physics processes of interest
are produced by the hard scattering of partons (quarks or gluons) that carry an unknown
fraction x; and x5 of the hadron momentum [53]], as described by the scheme in Figure
If the two beams have the same energy £ and the colliding particles are considered
as a whole, the centre of mass frame of the interactions corresponds to the laboratory
frame and the total energy of the collisions is simply given by /s = 2F. However, since
the hard scattering interaction involves individual partons, the partonic centre of mass
energy /3 of each specific process is smaller than the energy of the full hadron-hadron

system. The quantities s and s are related by:
§ = T1T98 (2.6)

where x; and x5 vary on a collision-by-collision basis following probability density func-

tions f;(x1,Q*) and f;(x2, Q?). These quantities, known as [Parton Distribution Func-|
tions (PDFs)| are measured by fitting dedicated experimental observables to collision data

from various physics processes at different energy scales [54]]. The total cross section of

a generic process with final state X can be expressed as:
OppsX = Z/d%d@ fixy, Q%) fi(2, Q%) Gijox (2.7)
]

where the contribution of the and the partonic cross section ¢ are factorised, and
the sum is taken over all initial state partons that produce the final state of interest.

It should be noted that, since x; and x2 can have different values, the physics objects X
produced by the hard interaction carry an unknown boost in the direction of the beam
axis. In addition, the final state contains extra objects produced by the partons that
are not involved in the hard scattering, characterised by low transverse momentum and
small production angles with respect to the beam. These underlying objects are a major

source of background at hadron colliders.
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Figure 2.1: Hard scattering process involving two partons ¢ and j whose momenta p; and

pj are a fraction x; and x5 of the total momenta of the protons. [55]

Underlying hadronic activity in the events can also be generated by proton-proton col-
lisions where no hard scattering takes place. From a comparison between the total cross
sections of inelastic collisions and of any other process (see Figure it follows
that the majority of the interactions yield only soft hadronic objects in the final state,
while the hard scattering happens at lower rates. For every bunch crossing it is possible
to compute the average number of interactions (/), commonly referred to as pileup, as
a function of the instantaneous luminosity, the number of circulating bunches N, their

frequency f and the total cross section of inelastic scattering of the protons oj,q:

o Uinelﬁinst

() =—x 7 (2.8)

As described in Section|2.1.4] the amount of pileup at the is significant and its effects

need to be kept under control when performing physics analyses.

2.1.3 The purpose of the LHC

The construction of the at |CERN| was approved in December 1994 to replace the

existing electron-positron accelerator, the [Large Electron-Positron Collider (LEP)| [56]],

after the completion of its physics programme. At the time, the largest machines in
operation were the Tevatron [57]], a proton-antiproton collider located at the Fermilab
National Laboratory in the US, and the itself, whose 27 km underground tunnel
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is now used to host the LHC| The [LEP| experiments were designed to provide precise

measurements of electroweak processes [58]], thanks to the large number of Z and W

bosons produced by the electron-positron collisions with low background rates. In par-
allel, the Tevatron was exploring the energy frontier, leading to the discovery of the
top quark [59.,/60] in proton-antiproton collisions at an energy of 1.8 TeV (subsequently
increased to 1.96 TeV). Despite the reach of the Tevatron, however, the general consen-
sus of the scientific community was that a more energetic machine would be needed to
search for new physics up to the TeV scale [61]], including the SM|Higgs boson. Indeed,
the Higgs was eventually not observed neither at the[LEP|[[62] nor at the Tevatron [[63)64],
so its discovery became a primary goal of the experiments.

In terms of operation, the new accelerator was expected to deliver collisions at an un-
precedented centre of mass energy, larger by one order of magnitude with respect to
the Tevatron and by two orders of magnitude with respect to the To achieve this
goal, the only possible option was to build a hadron collider, because electron-positron
machines are limited by the emission of synchrotron radiation (Equation [2.5). A rele-
vant choice to make was whether to design a proton-antiproton collider, following the
strategy of the Tevatron, or a proton-proton machine with two identical beams. The ad-
vantage of using antiproton beams is that in proton-antiproton collisions the cross sec-
tion of processes initiated by quark-antiquark annihilation increases, due to the higher
antiquark content of antiprotons. However, at the characteristic centre of mass energy
of the the dominant production modes of the most relevant physics processes are
initiated by gluons, which are equally present in protons and antiprotons. Since antipro-
ton beams are difficult to produce at high intensities, it was chosen to run the LHC|with
two proton beams.

Finally, the was also designed to deliver collisions of lead ions, with a dedicated
physics programme aimed at studying the thermodynamical properties of and the
quark-gluon plasma. This programme is beyond the scope of this thesis, so the operation

with lead ions is not further described.

2.1.4 The CERN accelerator complex and the LHC

Figure|2.2{shows the full infrastructure of the (CERN]|laboratory that prepares the proton
beams for the injection in the at an energy of 450 GeV [65]. Protons are produced
through the ionisation of a hydrogen source, then they are accelerated to 50 MeV by a

linear accelerator called LINAC 2. They are then injected in the first circular machine, the



33 2.1 The Large Hadron Collider

CMS

LHC

TT10
HiRadMat
2011 I TT60
]
AD

1999 (182 m)

North Area

SPS
1976 7 k) |

ATLAS AWAKE

T2

PS
| 1959 (628 m) |

LINAC 2

LEIR

~ LINAC 3
lons 2005 (78 m)

) ion ) neutrons ) p (antiproton) ) electron - /antiproton conversion

Figure 2.2: Scheme of the experimental facilities of’ showing the accelerator com-

plex and the associated experiments.

IProton Synchrotron Booster (PSB)| that increases their energy up to 1.4 GeV and prepares
them for the following step, the[Proton Synchrotron (PS)| The[PS]is the oldest accelerator
of still in operation: it was built in 1959 and today it is used to accelerate the
protons from 1.4 to 26 GeV. The next stage is the[Super Proton Synchrotron (SPS), where
the W bosons were discovered in 1983 by the UA1 and UA2 Collaborations [66l/67]. The
is now used to increase the energy of the protons up to 450 GeV, so that they can
finally be injected in the

The LHC operation

The design report published in 2004 describes the expected performance of the[LHC]
before its construction, summarised in Table in comparison with the 2015 and 2016
runs. The centre of mass energy is designed to be /s = 14 TeV with a maximum in-
stantaneous luminosity L, = 103*cm 2571, to be obtained with a beam split into 2808
bunches of ~ 10! protons each. During the first years of operation some of the perfor-
mance parameters have been reached or even exceeded, while others are still below the
targets, including the centre of mass energy +/s.

The first run of the (Run 1) began when the first beams circulated in the machine

on September 10", 2008. After 9 days of operation a serious incident was caused by
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Design | 2015 | 2016

V5 [Tev] 14 | 13 | 13
Maximum 7 2808 | 2244 | 2220
Average (1) - 13.7 | 24.9
Maximum () 19 28.1 | 52.2
Peak Ling: [10%3cm™2571] 10 50 | 13.8
Lo for physics [fb~!] - 3.2 | 32.8

Table 2.1: Performance parameters of the during the 2015 and 2016 operation as
measured by the|ATLAS|experiment [[69], compared to the design values from Ref. [68].

the eccessive heating of a connection between two magnets, causing severe damage to a
sector of the accelerator. After a necessary shutdown period of one year, the first proton
collisions took place in fall 2009 at the minimum centre of mass energy /s = 900 GeV.
In 2010 and 2011 the delivered two extended periods of data taking at \/s = 7
TeV reaching Lis = 2 x 1032cm™2s7! and Ly, = 3.65 x 1033cm 257! respectively.
In 2012 the energy of the collisions was raised to /s = 8 TeV, reaching a maximum
Linst = 8 x 10*3c¢cm~2s~! and accumulating a total integrated luminosity L, = 20 fb~!.
At the end of Run 1 the had almost reached the design value of the instantaneous
luminosity, while the centre of mass energy was still significantly below the target due
to the limitations in the performance of the magnets that emerged after the incident of
2008.

After a long shutdown period of two years, the second run of the (Run 2) began in
spring 2015 at /s = 13 TeV, close to the design value of the centre of mass energy. Table
shows how the machine performed during the first two years of Run 2, during which
the data analysed in this thesis were collected. The cumulative integrated luminosity
versus time recorded by the experiment is presented in Figures and [2.3b| for
2015 and 2016 respectively. Figure shows the distribution of the average number of
interactions per bunch crossing () (see Equation during the 2015 and 2016 runs:
the increase in instantaneous luminosity in 2016 caused a larger amount of pileup in
the experiments. Finally, in Figure the peak luminosity is plotted for every fill of
the 2016 run, during which the performance of the has significantly exceeded the
design targets.

At the time of writing Run 2 is still ongoing. In 2017 the delivered an additional
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Figure 2.3: Total integrated luminosity delivered by the and recorded by the ATLAS
detector in 2015 (a) and 2016 (b) [69]. For 2015 the figure includes the histogram obtained

after further quality criteria are applied to the data to make them available for physics

analyses.

dataset comparable to the one of 2016, reaching new record values of instantaneous lu-
minosity and () at /s = 13 TeV. Another year of data taking is scheduled for 2018,
after which a second long shutdown will begin. Since the analyses presented in this the-
sis are only using the data from the 2015 and 2016 runs, the more recent datasets are not

further discussed.

2.2 The LHC experiments

The serves seven different experiments, all located along its ring. The main exper-
iments, [ATLAS| [10], [CMS] [11], [70] and [ALICE] [71], are built in correspondence

with the four interaction points where the collisions take place, as indicated by the yel-

low dots in Figure In addition there are three smaller experiments, TOTEM] [72]],
(73] and [MoEDAL] [74]. A short description of their main purpose is provided

below:

ATLAS and CMS are the two largest detectors at the They are both general-
purpose experiments, designed with different technologies to search for the Higgs

boson and to explore the energy frontier at the TeV scale.

LHCDb is a forward detector optimised to the study the decays of B and D mesons in
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Figure 2.4: Distribution of the average number of interactions per bunch crossing (1) (see
Equation [2.8) during the 2015 and 2016 runs (a) and maximum instantaneous luminosity
for every fill in the 2016 run (b) as measured by the [ATLAS|detector [69].

proton-proton collisions, providing precision tests of the [SM|parameters with spe-

cial attention to CP violation.

ALICE is an asymmetric detector specifically designed to measure the products of lead
ion collisions. Its purpose is to study the properties of phase transitions and

quark gluon plasma.

TOTEM is a smaller experiment mounted next to the detector along the tun-
nel. It is used to monitor the luminosity by providing measurements of the
total, elastic and diffractive cross-section of proton-proton collisions in the for-

ward region, at small angles with respect to the beam.

LHCf is a second forward detector located in the[LHC tunnel at both sides of the[ATLAS|
cavern. Its purpose is to study cosmic ray shower processes by using particles

scattered at small angles with respect to the beam axis.

MOoEDAL is mounted next to the[LHCbldetector and is used to search for direct evidence

of magnetic monopoles or stable and highly ionising massive particles.

2.2.1 General-purpose experiments

The purpose of the [ATLAS| and [CMS| detectors is to investigate the existence of new

particles at heavy mass scales, with particular attention to the Higgs boson. Since the
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experimental signature of]| physics is unknown, both detectors are designed to iden-
tify as many different types of objects as possible, in order to maximise the chances of a
discovery.

An essential feature of general-purpose detectors is hermeticity. Hermetic detectors are
designed to observe all possible products of the collisions by covering the largest possi-
ble solid angle around the interaction region. They are split in multiple sub-systems that
provide the necessary information to identify the different types of particles, with fine
granularity in order to determine their position. If all particles with non-negligible inter-
action properties are measured with sufficient precision, hermetic detectors can reveal
the presence of invisible objects such as neutrinos or dark matter candidates by recon-
structing the resulting momentum imbalance in the transverse plane, known as missing

transverse momentum (E7').

IATLAS|and [CMS| must also satisfy general requirements common to all experiments at
the The accelerator provides a maximum bunch crossing rate of about 40 MHz,

setting the scale of the speed of response that the detector components must have to

discriminate between subsequent events. A complex trigger and data acquisition system
is needed to select the events where interesting physics objects are produced, saving the
relevant information to permanent storage for offline analysis. Another important fea-
ture is resistance to radiation, especially for the detector components located at small

distance from the interaction region.

The [ATLAS|and [CMS|detectors implement the above requirements using different tech-

nologies, in order to complement each other through independent measurements of the
same physics phenomena. Their overall performance is similar and the agreement be-

tween their results is a fundamental test of their reliability.

2.3 The ATLAS detector

is the biggest detector at the The full system weighs approximately 7.5
kTons and has a cylindrical symmetry around the beam axis, with a transverse diameter
of 25 m and a longitudinal length of 44 m. The original design of the detector was
proposed in 1994 [75]], then its components were developed and assembled in parallel
with the construction of the

A schematic representation of the detector is shown in Figure|2.5} including an overview
of its main subsystems. The apparatus is designed to meet the requirements of a general-

purpose experiment, with special attention to the products of hard scattering with large
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Figure 2.5: Overview of the |ATLAS|detector and its components ||

transverse momentum (pr) with respect to the beam axis. The detector consists of a
set of concentric layers surrounding the interaction region, and can be divided into four
major components. The Inner Detector Section reconstructs the ionisation
trajectories of charged particles and can be used to identify their production and decay
vertices. Two calorimeters (Section are then employed to measure the energy of
electromagnetic and hadronic objects, while a Muon Spectrometer Section
is placed in the outermost layer to identify muons that travel through the detector. A
magnet system (Section[2.3.2) made of two independent components is employed to bend
the trajectories of charged particles in the [D|and [MS] allowing the measurement of their
momenta. In order to maximise the hermeticity of the detector, each sub-system is made
of components that are parallel to the beam axis (cylindrical barrels) and orthogonal to
it (discoidal end-caps).

Figure 2.6/ shows a scheme of the transverse section of the detector, illustrating
the characteristic signatures of the most relevant [SM| particles:

Photons are neutral objects, so they appear as showers in the electromagnetic calorime-

ter with no associated ionisation track in the

Electrons are identical to photons in the calorimeter, but they also produce a track in

the
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Figure 2.6: Simplified representation of the experimental signatures of the main types of
particles in the [ATLAS|detector.

Neutrons leave no signature in the [[D| and generate hadronic showers that can start
either in the hadronic calorimeter (as in Figure or, with sizeable probability,

also in the electromagnetic calorimeter (see Section[2.3.4).
Protons add an|[[D]track to the characteristic signature of neutral hadrons.

Muons travel through each layer of the detector yielding minimum ionisation tracks in
the [Dand in the MS|

Neutrinos leave no signal in the detector, so their presence can only be inferred by

reconstructing momentum imbalance in the transverse plane.

2.3.1 Coordinate system

In[ATLAS] the direction of the beam defines the z axis of a right-handed cartesian refe-
rence frame, with origin located at the centre of the interaction region. The transverse
section of the detector is mapped by the x and y coordinates, with the x axis pointing
towards the centre of the ring and the y axis pointing in upward direction. Due to

the symmetry of the system it is natural to introduce cylindrical coordinates, replacing x
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and y with the radius 7 and the azimuthal angle ¢. In addition, the polar angle ¢ defined
with respect to the beam axis (with origin at the centre of the interaction region) can be
used to describe the longitudinal position of objects in the detector.

An alternative to 6 for particles with non-zero mass is the rapidity y:

E+p,
E_pz

1
y=73 log (2.9)

where F is the energy and p, is the longitudinal projection of the momentum of the
particle. The above expression is additive under Lorentz boosts in the z direction, so
any difference Ay is a Lorentz invariant. This feature is particularly convenient at the
LHC| where the particles are produced with an unknown longitudinal boost due to the
variable fraction of momentum carried by the partons (see Section [2.1.2).

Finally, it is common to employ the pseudorapidity 7, which is equivalent to the rapidity

in the limit of massless objects and can be expressed simply as a function of §:

n = —log [tan (g)} (2.10)

with |n| = 0 corresponding to the centre of the detector (f = 7/2) and |n| = £o0 in the

forward regions (0 = 0, 7).

2.3.2 Magnet system

The magnet system [76], shown in Figure provides the bending field that
curves the trajectories of charged particles in the [ID|and in the It is composed of
two independent components: a solenoid, located around the and an outer system
consisting in a set of barrel and end-cap toroids, that provide the magnetic field to the
The layout of the magnet system distinguishes from where a single
solenoid magnet is employed [77]], and has driven the design of the remaining parts of

the detector. The solenoid and toroid magnets are briefly described below:

Solenoid The solenoid magnet surrounds the[[D|described in Section[2.3.3] and provides
a magnetic field of 2 T using a nominal current of 7.73 kA that runs through 9 km
of superconducting NbTi wires. The total length of the solenoid is 5.8 m, while the
internal radius is 1.2 m and the thickness is only 4.5 cm, in order to minimise the

amount of material placed in front of the calorimeters.

Toroids The barrel and end-cap toroids of[ATLAS|are both made of 8 identical magnets,

that surround the calorimeter system with an azimuthal symmetry around the axis
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Figure 2.7: Schematic view of the|ATLAS|magnet system .

of the detector. The barrel system is 25.3 m long and has an outer diameter of 20.1
m, while the end-caps have a length of 5.3 m and 10.7 m of diameter. The peak
field produced by both barrel and end-cap toroids is 4 T, obtained with a nominal
current of 20.5 kA.

2.3.3 Inner Detector

The [ID| is located at the core of the experiment, immediately around the
interaction region where the collisions take place. Its purpose is to reconstruct the tra-
jectories of charged particles in the events, with a pseudorapidity coverage |n| < 2.5.
As shown in Figure the system is organised in cylindrical layers where the particles
interact and release a localised signal. Due to the large multiplicity of particles produced
by proton collisions, each layer needs to be finely segmented in order to provide an accu-
rate measurements of the position of the hits, with enough precision to distinguish the
individual tracks. Since the system is placed in proximity of the beam, it is also important
to ensure that the hardware components are able to resist the high dose of radiation that
they receive during the operation. Finally, the amount of material in the [ID|needs to be
small in order to minimise the particle interactions before the calorimeter, that degrade
the quality of the energy measurement.

The [ID|is split in three different subdetectors: a silicon Pixel detector that includes an

[nsertable B-Layer (IBL) installed during the shutdown period before the beginning of
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Figure 2.8: Transverse view of the barrel and end-cap components of the |ATLAS

system .

Run 2, a|Semi-Conductor Tracker (SCT){and a[Transition Radiation Tracker (TRT)l Each
of them has a cylindrical symmetry, with the usual barrel and end-cap structure. Overall,
the [D|measures 6.2 m in length and 2.1 m in diameter.

Pixel detector

The Pixel detector is the innermost part of the designed to provide tracking
information with the finest level of granularity. As shown in Figure the barrel part
is made of four cylindrical layers of modules: the (at 33.25 mm of distance
from the beam axis), the b-layer or L0 (50.5 mm), the L1 (88.5 mm) and the L2 (122.5
mm). The end-caps consist of three circular disks, that contribute to achieve the desired
longitudinal acceptance || < 2.5. The silicon pixels have a different segmentation in
the R-¢ and z directions: the smallest pixel size in the R-¢ plane is 50 pm, while the
minimum longitudinal pixel size is 250 pym in the and 400 pum in the other layers.
Due to the cost of the technology, it was chosen to use the pixels only in the innermost

layers of the ID| where it is essential to maximise the spatial resolution.

Semi-Conductor Tracker

The Semi-Conductor Tracker [SCT] is the intermediate part of the[[D] consisting
of four barrel layers and two end-caps with nine disks each. The components of the
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Figure 2.9: Transverse view of the barrels of the [ATLAS| Inner Detector, showing the

radial distance of each layer from the beam axis ||

are made of silicon, but the pixels are replaced by strips of 80 ym %12 cm to cover a
larger area of space compared to the innermost layers. The strips are semi-parallel to
the direction of the beam in the barrels, while they are disposed radially in the end-caps.
The individual layers are made of a pair of strip sensors, arranged at a relative angle of
40 mrad. This geometrical solution allows to obtain a good measurement of the position
of the hits in the longitudinal direction, despite the significant length of the strips. The
is able to provide a spatial resolution of 16 ym in the R-¢ plane and of 580 yum in

the z direction.

Transition Radiation Tracker

The [TRT] occupies the external layer of the D] with radius between 55.4 cm and
108.2 cm. Unlike the inner layers, this system is based on the use of straw detectors with
4 mm of diameter and maximum length of 144 cm, filled with a mixture of Xenon (70%),
CO, (27%) and Oxygen (3%). Similarly to the[SCT]strips, the straw tubes are located in a
barrel, where they are parallel to the beam direction, and in two end-caps, where they are

arranged radially. Each straw is crossed by a thin tungsten wire that serves as anode, so
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the device operates as a small drift chamber that measures the ionisation produced by the
charged particles that cross it. A crucial feature of the[TRT]is that the region between the
tubes is occupied by radiating material, where the particles emit x-rays proportionally
to their relativistic y factor. These photons are known as transition radiation, because
they are generated when the particles cross the boundary between two mediums with
different dielectric constants [86]]. The transition radiation is absorbed by the Xenon
atoms in the tubes and is significantly larger for electrons than for heavier particles,
because the average 7 factor of electrons is greater. As a result, the[TRT]is able to provide
a useful measurement to discriminate between electrons and other types of particles.
Thanks to its geometry, the yields a large number of hits (~ 30) for each track in
the R-¢ direction, with a longitudinal acceptance || < 2 and a spatial resolution of

about 130 um.

2.3.4 Calorimeter system

The calorimeter system of surrounds the [D| and the solenoid magnet and pro-
vides a measurement of the energy of electrons, photons and hadrons, that generate
showers of particles as a result of their interaction with the detector materials. The
characteristic parameters describing the depth of electromagnetic and hadronic showers
are the electromagnetic radiation length X and the hadronic interaction length \;, with
Ar > X for all common material The calorimeter system is designed to provide a
full containment of the showers, and each component is segmented in cells in order to
obtain localised measurements of the energy deposits.

As shown in Figure employs two different types of calorimeters: the inner

component is the [Electromagnetic Calorimeter (ECAL)|dedicated to electrons and pho-

tons, while the outer part is the [Hadronic Calorimeter (HCAL)| optimised for strongly

interacting particles. The [ECAL}and [HCAL)|are based on a sampling technology [87], in

which the material that absorbs the incoming particles is distinct from the one that mea-
sures their energy. In addition, both calorimeters are non-compensating, which means
that they have a different signal response to the electromagnetic and hadronic energy
release, so a dedicated correction must be applied to calibrate the different types of show-

ers at the same energy scale. Finally, in order to increase the longitudinal acceptance of

The radiation length X is defined as the mean distance over which an electron reduces its energy
by a factor 1/e, while the interaction length \; is the mean distance travelled by a hadron before being

subjected to an inelastic nuclear interaction.
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Figure 2.10: Section of the calorimeter system of|[ATLAS| highlighting the different com-

ponents of the and the [10].

the detector, two Forward Calorimeters (FCal) are mounted on the opposite end-caps

close to the beam pipe.

Electromagnetic calorimeter

The is a sampling calorimeter that employs lead (Pb) plates as absorbers

and [Liquid Argon (LAr) ionisation chambers with copper electrodes as active compo-

nents. The system is divided into a central barrel, with acceptance |n| < 1.475, and two
end-caps with range 1.375 < |n| < 3.2. The lead plates are arranged radially with a
characteristic accordion geometry, that provides a full azimuthal coverage and avoids
the presence of radial cracks. The choice of is motivated by its linear response com-
bined with large signal yields and good resistance to radiation damage.

A limitation of the chambers comes from the long duration (approximately 400 ns)
of the analog signal pulse produced by the through-going particles, that has the char-
acteristic triangular shape shown in Figure A dedicated set of [Front-End Boards|
is employed to process the triangular signals as described in detail in Ref. [10],
obtaining a more complex signal shape also shown in Figure optimised to suppress
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Figure 2.11: Signal amplitude as a function of time for a triangular ionisation pulse in a
cell of the[ECAL barrel, and for a output signal after the shaping [10]. The dots

indicate the sampling points that are taken every 25 ns.

electronic and pileup noise. The shaped pulse is sampled every 25 ns in synchronisation
with the clock, obtaining a measurement of its amplitude and of the timing infor-
mation (with resolution below 1 ns) that is necessary to assign the signal to the correct
bunch crossing.

The [ECAL}is finely segmented in cells in the 7-¢ direction and is composed of three lay-
ers, each with specific properties and purposes. The first layer has a thickness of 4.3 X
and a fine granularity in the 7-¢ plane, which is needed to obtain a precise measurement
of the initial development of the showers. Thanks to its segmentation, this layer plays a
key role in the discrimination between showers produced by single photons and showers
that originate from the decay of neutral pions (7) into two photons. The second layer
measures 16 X in thickness, and provides additional information which is used to deter-
mine the position and direction of the showers. The third layer has a depth of 2 X, and
is used to measure the leakage of electromagnetic showers beyond the contribut-
ing to the discrimination between electromagnetic and hadronic showers. The is
completed by a presampler layer of with no passive material, which is placed inside
the solenoid magnet volume in order to measure the particle interactions in the inner

parts of the detector.
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In total, the ECAL has a thickness of 22 X, in the barrel for particles with 7 = 0, which
grows as a function of pseudorapidity reaching 33 X in the barrel and up to 38 X in
the end-caps. The longitudinal segmentation of the components of the ECAIL] produces
a few crack regions where the nominal performance is deteriorated. This happens at
n = 0 due to a 4 mm gap in the central barrel, at 1.37 < |n| < 1.52 due to the transition
between barrel and end-caps, and at || = 2.5 where there is a small gap between two
end-cap discs.

As described in Ref. [89]], the noise-subtracted energy resolution of the for elec-

tromagnetic showers can be expressed as:

e _  10% ® 0.5% (2.11)
E E [GeV]
where the symbol @ represents the sum in quadrature. The first term in Equation [2.11]
is related to the stochastic fluctuations of the number of electromagnetic particles that
contribute to the calorimeter signal, while the constant term (which increases up to 0.7%
in the end-caps) originates from non-uniformities of the calorimeter response that are

independent of the energy of the showers.

Hadronic calorimeter

The[HCAL]is dedicated to the measurement of hadronic showers, that are only partially
contained by the As shown in Figure the full system consists of a barrel, two
extended barrels and two [Hadronic End-Caps (HEC)|

The barrel and extended barrels form the [Tile Calorimeter (TileCal)| [90,91], which uses

steel tiles as absorber and plastic scintillators as active material. The barrel covers the

central pseudorapidity region |n| < 1.0, while the extended barrels have a range 0.8 <
In| < 1.7, with a partial overlap aimed at reducing the impact of the transition regions.
Similarly to both central and extended barrels of are divided into three
layers, with an approximate thickness of 1.5, 4.1 and 1.8 interaction lengths in the cen-
tral component and of 1.5, 2.6 and 3.3 interaction lengths in the extended ones. Finally,
the system is composed of two independent end-caps made of and copper, that
increase the pseudorapidity coverage of the detector to 1.5 < || < 3.2.

Figure shows a the cumulative amount of material as a function of the pseudora-
pidity 7 in the various layers of the detector, in units of interaction length ;. The total
thickness is at least 10 A\; in all pseudorapidity regions, with peaks and dips caused by

the transitions between different components.
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Figure 2.12: Depth of the major components of the detector in units of interaction length,
as a function of the pseudorapidity |1| [10]. The graph shows the material in front of the
(in beige colour), the different layers of ECAL] and [HCAL] including the forward

components, and finally the total amount of material in front of the first active layer of
the [MS|(in light blue) up to || < 3.0.

Finally, the jet energy resolution of the system in combination with the inner
ECAL)layers is measured to be:

OR 52%
— = 3 3% 2.12
E E [GeV] B (2.12)

and a similar performance is obtained also by the system, as further discussed in
Ref. [[10].

Forward calorimeters

The calorimeter system is completed by two forward detectors that provide
electromagnetic and hadronic energy measurements in the pseudorapidity range 3.1 <
In| < 4.9. The uses as active material and is divided in three layers of 45
cm each. The inner layer uses copper as absorber and is dedicated to electromagnetic
showers, while the remaining two are made of tungsten and are optimised to measure
the hadronic ones. The measurements performed by the[FCallare not as accurate as those

from the other components of the calorimeter system, due to a coarser segmentation and
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to the large amount of background from underlying hadronic activity in the forward
region. As discussed in Ref. [92]], the electromagnetic and hadronic energy resolutions

are measured to be approximately:

%8 EM) = 2% 535% and ZE (had) = —— @ T5%. (213
g M= e ¢ and g (had) = V] EEE)

Despite the worse resolution, the detectors give an crucial contribution to the her-
meticity of |ATLAS| which is important for the measurement of the missing transverse

momentum (E1),

2.3.5 Muon Spectrometer

The outermost component of [ATLAS|is the [93] dedicated to the detection of muons,

that travel through the inner layers of the detector asMinimum Ionising Particles (MIPs)|

and release little to no energy in the calorimeters. The muon trajectory in the is
curved in the R-z plane by the bending field of the toroid magnets, so the reconstruc-
tion of the tracks can be used for the measurement of the momentum, similarly to what
happens in the [[D] The larger size of the [MS|allows accurate measurements of muons up
to the TeV scale, which is essential for the physics programme of

The consists of a central barrel with three cylindrical layers with a radius of 5, 7.5
and 10 m, and four end-cap wheels at a longitudinal distance of 7.4, 10.8, 14 and 21.5
m from the centre of the detector. This structure hosts four different subsystems shown
in Figure each contributing to specific needs of the detector. |[Muon Drift Tube|
chambers and [Cathode Strip Chambers (CSCs)| are dedicated to high-resolution
measurements of the tracks in the pseudorapidity range |n| < 2.7, while [Resistive Plate]
IChambers (RPCs)|and [Thin Gap Chambers (TGCs)|are designed to provide trigger infor-
mation with faster time of response.

A brief description of the four components of the is given below:

Monitored Drift Tubes The are chambers composed of drift tubes with 30 mm
of diameter, filled with a mixture of Argon and CO,. They cover the pseudorapidity
range |n| < 2.7, except in the innermost end-cap layer where they only reach
In| < 2.0, providing a spatial resolution of approximately 80 pm per tube and 35
pm per chamber. They are disposed orthogonally with respect to the beam axis,
and they only provide a measurement of the 7 coordinate of the hits. The major
shortcoming of the is that their drift time can reach up to 700 ns, limiting

the maximum rate of operation of the system.
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Figure 2.13: Scheme of the |[ATLAS|outer layer showing the .

Cathode Strip Chambers The are multi-wire proportional chambers with a finer
spatial resolution with respect to the They are used in the first layer of the
end-caps corresponding to 2.0 < |n| < 2.7, where a higher rate of particles is

expected.

Resistive Plate Chambers The are gas chambers mounted in the barrel system
of the[MS| in the pseudorapidity range |5y| < 1.05. They are formed by two parallel
plates with oppositely-charged anode and cathode, both made of a plastic material
with high resistivity (Bakelite). The signal from ionising particles is collected by
external metallic strips with a time resolution of the order of 1 ns, significantly
shorter than the separation between two bunch crossings at the (25 ns).
signals are used as inputs for the muon triggers thanks to the rapid speed of re-

sponse, and they also provide a measurement of the ¢ coordinate of the muon hits,
which is not measured by the

Thin Gap Chambers The are multi-wire proportional chambers optimised to
achieve a fast signal collection. They are mounted in the end-cap to improve

the muon trigger capability in the 1.05 < || < 2.4 region and to determine the ¢
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coordinate of muon trajectories in the forward direction up to |n| = 2.7.

2.3.6 Trigger and Data Acquisition

As discussed in Section the is designed to deliver bunch crossings up to a rate
of 40 MHz, significantly higher than the readout capabilities of The physics
processes of interest, however, are produced in a minor fraction of these events, while
most bunch crossings yield only soft hadronic collisions that are not interesting for the
physics analyses. The Trigger system of [94] is designed to perform an online
selection of events where interesting physics objects are identified, making a fast real-
time decision based on the signals in the relevant sub-detectors. The accepted events are
recorded by a Data Acquisition system, that channels the data from the sub-detectors to
permanent storage.

A scheme of the [Trigger and Data Acquisition (TDAQ) system is shown in Figure
where the interplay between the different sub-components is highlighted. A full trigger
selection involves a chain of decisions taken first by a hardware-based[Level 1 (L1)|trigger
and subsequently by a software-based[High Level Trigger (HLT), If the output rate is too

high, the chain of selections can be individually pre-scaled by a factor P, which means
that only a fraction 1/ P of the events that meet the selection criteria are accepted. Since
this procedure causes a loss of interesting events, pre-scaled trigger chains are generally

not used by the analyses in the present thesis.

Level-1 Trigger

The |L1| trigger [96] performs a first selection of events that reduces the rate from the
bunch crossing frequency (up to 40 MHz) to a maximum output of 100 kHz, using low
granularity information from the calorimeters (L1Calo) and the dedicated sub-systems in
the MS|(L1Muon). The selections on the signals from the sub-detectors are optimised to
identify events where interesting physics objects are produced, such as electrons, muons,
7 leptons, jets or missing transverse momentum (E7). For Run 2, the system has been
upgraded by adding a topological trigger processor [97] that combines kine-

matical information from different{L1Calo|and [L1Muon|objects, allowing to define more

complex selections based on the topology of the event.

The detector data is kept in memory buffers for a latency period of 2.5 s, during which

the [Central Trigger Processor (CTP) has time to perform a decision about whether the

event meets the selection criteria. If the event is accepted, the corresponding data is
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Figure 2.14: Scheme of the [TDAQ)|system of the |ATLAS|detector [95].

sent to detector-specific [Readout Drivers (RODs) and subsequently transferred to the
IRead-Out System (ROS)| In addition, the [Region of Interests (Rols) with the 7 and ¢ co-

ordinates of the interesting objects in the event are determined by aRegion of Interest|

Builder (RolB)|and transferred to the to act as seeds for further selections.

High Level Trigger

The[HLT][98] performs additional selections that reduce the event rate from the output of
[L1)(100 kHz) to values of the order of 1 kHz. The system exploits software algorithms that
use the full detector information, initially restricted to the defined by the[L1|trigger
in order to reduce the computational time. The events selected by the algorithms
are sent to mass storage by |Sub-Farm Output (SFO) nodes. In Run 1 the consisted

of two separate levels of decisions, |[Level 2 (L2) and [Event Filter (EF)| running in separate

server farms. Before the beginning of Run 2 the two levels were merged [99] into a single

homogeneous farm, removing redundancies between them and simplifying the hardware

and software structure. In addition, a new hardware-based [Fast Tracker (FTK) [[100] is
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being incorporated, in order to provide tracking information with full detector coverage

to the

Data Quality

The data collected by the detector must satisfy standard quality criteria in order
to be used for offline analysis. To provide an effective monitoring of the performance of
the detector during the runs, the data are recorded in luminosity blocks, short
periods of time (with typical length of approximately one minute) during which the
configuration of each sub-system is kept constant. A set of quality parameters can be

monitored during the operation for each sub-detector, and a record of the performance

is kept in order to compile a|Good Run List (GRL)| for each period of data taking. The
contains the list of luminosity blocks in each run where the detector has performed

in line with the quality requirements.
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3 | Simulation and reconstruction
of ATLAS events

This chapter presents a comprehensive discussion of the experimental signature of the
major physics processes in the experiment. Section [3.1]is dedicated to a discus-
sion of the event simulation techniques, from the proton-proton collisions to the inter-
action of the particles with the detector. The remaining part of the chapter (Section 3.2)
describes the standard procedures for the reconstruction of different types of physics
objects in based on the signal that they release in each detector sub-system.

3.1 Monte Carlo simulations

A crucial tool for the analysis of the data is the simulation of physics processes,
heavily used to predict their kinematical properties and their experimental signature in
the detector. The standard approach is to employ Monte Carlo generators, where
the events are simulated stochastically following probability distributions determined by
the theory. The simulations include the particles interacting with the detector and the

associated response of the detector sub-systems, so the results can be directly compared

to data.

3.1.1 Simulation of physics processes

The production of physics objects in proton-proton collisions can be viewed as a multi-
stage process, as shown in Figure The first step is the hard scattering of individual
partons from the protons, already discussed in Section where the [PDFs|play a key
role. The hard scattering can be further split into a [Matrix Element (ME)| computation,
which typically uses perturbative calculations truncated at a fixed order, and a
stage which simulates the emission of extra soft objects in the event. Due to
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Figure 3.1: Scheme of a physics process at the , showing the various stages from the
two protons in the initial state to the decays of the produced particles [[101]].

the confinement properties of any quarks or gluons produced by the hard scatter-
ing are eventually converted into hadrons through a hadronisation process (see Section
[1.1.2). If the particles are unstable, their decay can be simulated in different stages of the
chain. A description of the individual steps of the simulation procedure is provided

below:

Factorisation and PDFs As discussed in Section the hard scattering in proton-
proton collisions involves two partons (quarks or gluons) that carry an unknown
fraction z; and x5 of the the momentum of the protons. The cross section o of the
full physics process is given by Equation where the probability of finding a
parton with momentum fraction x is factorised with respect to the partonic cross
section 7. To take into account the effects of higher order corrections, it is nec-

essary to introduce a factorisation scale ;1 and a renormalisation scale pp (see
Ref. for a full discussion) and Equation 2.7 becomes:

OpposX = Z/d$1d$2 filzr, 1) fi (@2, 1) [&0 + as(py)o1 + ---]ijﬁx (3.1)
ij

where the perturbative corrections &,, of order a§ are introduced. Formally the



56 3.1 Monte Carlo simulations

total cross section is independent of 11 and p g, because the scale dependance at
infinite order is exactly compensated by the coefficients 7,,. At fixed order, how-
ever, the numerical results are affected by the choice of the two scales, which is a
source of theoretical uncertainty. The are determined by experimental mea-
surements at fixed energy scales, and their evolution to different scales is deter-
mined through the DGLAP equations [102H104]]. For the analyses discussed in this
thesis, derived by the CTEQ [105,(106], NNPDF [107,/108] and MSTW [109]

groups are used.

Matrix element (ME) An essential step of the simulations is the computation of
the partonic cross section &,,. The processes of interest can be schematically rep-

resented as
i X+

with an initial state 77 and a final state that includes a main product X and a vari-
able number of extra objects x;. The associated scattering matrices, or S-matrices,
can be computed at different orders in perturbation theory.

As an example, figure [3.2| shows three Feynman diagrams for the case of top pair

production initiated by two quarks: the first (Figure [3.2a) is a[Leading Order (LO)|
diagram, while the others (Figures(3.2bland 3.2c) are Next-to-Leading Order (NLO)|
diagrams that include a gluon emission and a loop correction respectively. While
the diagrams in Figures and[3.2dare both divergent, an important theorem by
Kinoshita-Lee-Nauenberg [110,[111] states that at fixed orders in perturbation the-

ory the infinities are exactly cancelled, yielding a finite result for the cross section.
If a larger multiplicity of objects in the final state is included, however, the cancel-
lations are spoiled and divergent contributions from soft collinear emissions can
appear. The standard strategy to remove the divergencies is to introduce a cutoff
in the computation of the such that extra soft objects are excluded and a finite
result can be obtained. These missing objects are subsequently added by dedicated

[PS generators.

Parton Shower (PS) Once the computation of the is completed, a [PS| generator is
used to include the emission of extra soft objects. In the possible processes
are the emission of a gluon by a quark (¢ — ¢g) and the emission of a quark pair
or a gluon pair by a gluon (¢ — gq and g — gg). The generators make use of
Sudakov form factors [113], that describe the probability for a virtual gluon at an
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(a) (b) (©

Figure 3.2: Feynman diagrams for top pair-production initiated by two quarks, where (a)
is a[LO| diagram, (b) is a diagram with a gluon emission and (c) is a diagram

with a loop correction [[112].

energy scale (), to evolve to a scale (), without radiating.

The [PS| objects can appear as part of the [Final State Radiation (FSR), as in Figure
or of the [nitial State Radiation (ISR)| The latter case is implemented in the
using a backward evolution technique, where the is computed using par-

tons with fixed momentum and the initial state is determined by evolving them in

reversed time order.

ME-PS matching In order to combine the and generators, it is necessary to
define a procedure that determines the respective domains. This is done by ded-
icated matching algorithms that identify two orthogonal regions of phase space,
one containing the products of the hard scattering and one with the additional soft
objects in the event. The goal of the matching is to remove any potential overlap
between the physics objects generated by the and by the [PS| without causing
significant discontinuities in observable spectra. The most common implementa-
tions are the |Catani-Krauss-Kuhn-Webber (CKKW)| [114] and the [Michelangelo L)
[Mangano (MLM)| [115] schemes, both widely used by the Collaboration.

Hadronisation Quarks or gluons in the final state evolve until they reach a Q* value
of the order of Aqcp ~ 200 MeV, at which the confinement properties of
become relevant. As explained in Section at this stage all the elementary
hadrons in the event must recombine into colourless objects, mesons or baryons.
The hadronisation process is regulated by non-perturbative[QCD] so its simulation
needs to rely on phenomenological models: the most common ones are the cluster
model [116,117] and the Lund string model [118]/119].
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Underlying event and pileup While the hard scattering processes at the LHC|involve
only two quarks or gluons, the remaining partons from the initial state protons can
yield an extra number of soft interactions at lower energy scale. As a result, the
processes can generally be regarded as [Multiple Parton Interactions (MPIs)|

that produce a significant amount of underlying hadronic activity in the events (see

Section[2.1.2). The underlying event is simulated using phenomenological models
tuned on experimental data [[120L121].

Additional hadronic activity can originate from interactions between different pro-
ton pairs in the same bunch crossing (in-time pileup) or by remnants of collisions
in different bunch crossings (out-of-time pileup). Both processes are simulated
similarly to the underlying event, and are included in the samples used by the
Collaboration.

3.1.2 Monte Carlo generators

The scientific community has developed a variety of generators to implement the
various steps of the simulation of physics processes at the A brief description of

those that are used in this thesis is given below:

Pythia isamulti-purpose[LO|generator that can handle the full reaction chain for2 — n
(n < 3) processes [[122,123], including hadronisation (with the Lund string model)

and underlying event.

Herwig is a similar multi-purpose |[LO| generator that simulates 2 — 2 processes [124]

using the cluster model for hadronisation and underlying event.

MadGraph is a[MC| generator that handles the [ME|part of the simulation chain [125].
It can be used at or in its version aMC@NLO, and it must be interfaced
with another generator (typically Pythia or Herwig) for [PS] hadronisation and un-

derlying event.

Powheg isa generator [[126] that can be interfaced with Pythia or Herwig for
[PS], hadronisation and underlying event.

Sherpa is a multi-purpose generator that performs[LO|or calculations for 2 — n
processes [[127]]. It includes [128]] and underlying event generator and it

uses the method for the matching.
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3.1.3 Detector simulation

The output of the generators is a list of four-vectors of particles in the final state,
that can be used to examine the kinematical features of the physics processes. In order
to compare the samples with the data, however, it is also necessary to simu-
late the interaction of the particles with the detector and the resulting signals from the
sub-systems [129].

The detector simulation is implemented by the Geant 4 package [130]], which is inte-
grated in the offline software. The full reconstruction chain includes a first stage
dedicated to the interaction of the particles with the detector, and a second (digitisa-
tion) stage where the energy deposits are converted into voltages and currents in the
sub-systems. The output of the simulation can be presented in a format identical to the
output of the system, so the samples and the real data can be
processed by the same reconstruction software.

Finally, it is important to mention that the[ATLAS|Collaboration makes wide use of faster
simulations such as ATLFAST-II (or AF2) [131], where a parametrised description of the

detector response is implemented in order to reduce the CPU processing time.

3.2 Object reconstruction

An essential step of the analysis of] data is the reconstruction of physics objects in
the events, based on their experimental signature in the detector. As discussed in Section
2.3.6 a first selection of events is performed by the system, where the relevant
features are identified by fast online algorithms. Once the events are recorded, the final
observables to be used for the analyses are extracted by more refined reconstruction al-
gorithms, less affected by timing limitations.

The searches presented in this thesis employ different types of trigger selections de-
scribed in Section requiring the presence of missing transverse momentum (F25)
or single electrons, photons or muons in the events. At offline level, the relevant ob-
jects to be reconstructed include tracks and primary vertices (Section [3.2.2), electrons
and photons (Section [3.2.3), muons (Section [3.2.4), jets from the hadronisation of quarks
and gluons (Section 3.2.5) with highlight on the case of jets from b-quarks (Section[3.2.6)
and, finally, missing transverse momentum (Section 3.2.7).



60 3.2 Object reconstruction

3.2.1 Trigger objects

The [ATLAS|[TDAQ)| system performs the online selection of events based on the defi-

nition of trigger chains, sequences of algorithms optimised to identify a given type of
physics object [94]. After the primary hardware-based selections applied at[L1] the
chains are typically configured as a sequence of Feature Extraction algorithms, where the
relevant physical quantities are reconstructed based on the signals in the subdetectors,
and Hypothesis algorithms, where the trigger selections are implemented. The following

naming convention is used for the chains:
[LEVEL] [TYPE] [THRESHOLD] [IDENTIFICATION] [I[SOLATION] (3.2)

where the trigger level or , chain type (electron, muon, EX* or others), energy
threshold, identification and isolation criteria (if present) are listed.

The collection of chains used during the online operation of the detector is known as the
trigger menu, optimised to meet the requirements of a broad range of physics
analyses and operational purposes. The list below provides a brief description of the trig-
gers that are relevant for the searches presented in this thesis, namely electron, photon,

muon and E* chains:

Electrons and photons The online trigger chains targeting electron and photon can-
didates are seeded by [L1|algorithms that identify with significant energy de-
posits in the calorimeters (L1Calo). As shown in Figure[3.3] trigger towers measur-
ing 0.1 x 0.1 in 7 and ¢ are formed in bothECAL]and[HCAL] with a pseudorapidity

range |n| < 2.5. A sliding window procedure is used to select blocks of 4 x 4 towers

where the total energy in at least one of the central pairs (horizontal or vertical)
exceeds a fixed threshold. Isolation selections are applied by using the energy de-
posits in the external ring of the 4 x 4 blocks, and a veto on significant energy
deposits in the is added to suppress hadronic showers.

The defined at[L1|are passed to the that applies an additional sequence
of selections using algorithms that closely resemble the offline ones (see Section
[3.2.3). The requirement of a track matched to the calorimeter cluster is introduced
for all electron chains, to distinguish them from photon candidates. During my
PhD I have contributed to a variety of tasks related to the electron and photon
triggers, including a study of the online rate of a single electron trigger chain as a

function of the transverse energy threshold, which is discussed in Appendix
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Figure 3.3: Scheme of a 4 x 4 block of trigger towers employed by the trigger
algorithms. [94].

Muons The [L1|trigger identifies muon candidates by requiring the coincidence of hits
on different layers of the or chambers, and an estimate of the transverse
momentum of the particle is obtained by measuring the deviation of the trajectory
with respect to a straight line. The receives the information and uses the
precision chambers, [MDTs|and [CSCs| to apply further selections on the candidate,

with a two-stage approach similar to the one of the electron and photon chains.
The tracks from the are matched and combined with those from the [[D] and

additional isolation variables can be used to reduce the number of fake candidates.

Missing transverse momentum The computation of the missing transverse momen-
tum (E¥5) performed by the [L1| trigger employs the same energy deposits in
0.1 x 0.1 towers used for the electron and photon chains. To maximise the cov-
erage, all layers of the ECAL|and [HCAL] for || < 4.9 are employed. The
algorithms use as input only the signals provided by the calorimeters, with no

information due to the global nature of the EX'* variable. Different methods are
employed for the reconstruction of the £, based on cells, jets or energy clusters,

with dedicated techniques to correct for pileup effects.
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Trigger efficiency and scale factors

The most relevant parameter to describe the performance of the trigger chains is the se-
lection efficiency e, defined as the fraction of events where the presence of a real object]]
is successfully identified by the online algorithms.

The efficiency of the chains is typically studied as a function of the transverse momen-
tum of the associated offline objects in the event, as shown in Figure [3.4 for the cases
of electrons, muons and EX'**, The efficiency of E} chains is measured in events sa-
tisfying lepton trigger requirements, while for electrons and muons the tag-and-probe
method in Z — ee and Z — pp events is used [94]. Since the selections are applied
based on online energy measurements, it is natural to obtain turn-on curves with a step-
like behaviour close to the online threshold of the chain, and a smoothened profile due
to finite resolution effects. Both electron (Figure and EM (Figure [3.4b) triggers
have high efficiencies above the turn-on, although especially in the case of E trig-
gers a tight offline selection is necessary. On the contrary, the[L1|muon trigger efficiency
is limited in both barrel (Figure and end-cap (Figure regions, mainly due to
geometrical acceptance effects.

Finally, by comparing the trigger efficiency in data and simulation it is possible to obtain

calibration |Scale Factors (SFs) for both electron and muon chains, essential to improve
the data{MC|agreement in the analysis selections.

3.2.2 Tracks and primary vertices

Electrically charged particles release localised ionisation signals (hits) in the [ID} which
is able to measure the positions of the hits with variable precision depending on the
granularity of the corresponding layer (see Section [2.3.3). By combining the individual
hits on different layers, it is hence possible to identify tracks that correspond to the
trajectories of the particles [133]. The baseline track reconstruction algorithm in[ATLAS]
follows an inside-out approach where the initial track candidates are formed by at least 3
hits in the silicon detectors, and are subsequently extrapolated to the outer silicon layers
and the The track finding procedure is then completed by an outside-in algorithm,
which uses[TRT] hits as seeds and extends them towards the inner layers.

Due to the magnetic field produced by the solenoid, the tracks follow a characteristic

helicoidal trajectory whose curvature is inversely proportional to the momentum of the

!For the purpose of the definition of the trigger efficiency, the concept of physics object is extended to

event-level quantities such as the Ess,
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Figure 3.4: Trigger efficiency as a function of offline variables for electrons (a), Es (b),
and muons in the barrel (c) and end-caps (d). Various types of online EX*** algorithms
are compared in Figure (b), while for electrons and muons a logic OR of chains with

different Er thresholds and isolation requirements is used [[132].

particle. A track is fully described by five perigee parameters measured at the point of

closest approach to the z-axis:
(97 (ba Q/pa dO; ZO)

where ¢ and ¢ are the longitudinal and azimuthal angles, ¢/p is the ratio between the
charge and the momentum of the particle, and the quantities dy and z; are known as
transverse and longitudinal impact parameters, representing the minimum distance be-
tween the track and the centre of the detector in the transverse plane and in the longi-
tudinal direction respectively.

The tracks reconstructed by the above algorithms can be used to identify the presence

of [Primary Vertices (PVs)| formed by collisions or decays of particles in the event. The
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vertex reconstruction procedure [134]] uses vertex finding algorithms, that associate the
tracks to a set of vertex candidates, and fitting algorithms, that determine the position
of the vertices and the associated uncertainties. The number of PVs| in each event is
correlated to the (i) parameter, which describes the average number of interactions per
bunch crossing (see Section , and is used as a direct measurement of the amount
of pileup for a variety of calibration purposes. The [PV]associated to the main hard scat-
tering interaction in the event is selected as the one for which the sum of the squared
momenta of the associated tracks (> p%) is the largest. After the main @ is identified,
it is useful to express the impact parameters dy and z, of the tracks with respect to its

position.

3.2.3 Electrons and photons

The characteristic experimental signature of electrons and photons in consists
of an electromagnetic shower in the m and, for electrons, an associated track in the
In both cases the selection procedure [135]] begins with a sliding window algorithm
that searches for clusters of energy deposits in the calorimeter, scanning it in blocks of
3 x 5 cells with individual transverse size of 0.025 x 0.025 in 7 and ¢.

The discrimination between electron and photon candidates is implemented by matching
calorimeter clusters Withtracks. As described in Refs. [136/137], the electron and pho-
ton identification is based on a dedicated tracking strategy where the standard[[D|tracks

loosely matched to clusters are refitted with a|Gaussian Sum Filter (GSF)|algorithm [|138]]

that takes into account the non-linear bremsstrahlung effects. This results in a new track
collection which is used in the following stages of the identification procedure, yielding
improvements up to 5% in the electron identification efficiency, particularly significant
in the large pseudorapidity regions where the material thickness of the [[D|is larger.
The simplest photon candidates are identified as clusters with no corresponding track in
the[ID] but it is also possible to reconstruct converted photons that produce an electron-
positron pair before reaching the The latter case is characterised by the presence
of two oppositely charged tracks matched to the cluster or, if the opening angle of the
electron-positron pair is large, a single track with no hits in the innermost silicon lay-
ers [139]. Electron candidates are instead reconstructed as clusters matched to a track
with a sufficient numbers of silicon hits. After the matching, the calorimeter cluster is
rebuilt using blocks of 3 x 7 cells in the barrel and 5 x 5 cells in the end-caps.

The computation of the total energy of the clusters includes corrections from the pre-
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shower sub-detector, to quantify the energy lost by the particles before the and
from the cells surrounding the bulk of the cluster, to estimate the lateral and longitudinal
leakage of the shower. For electrons, the final energy is obtained by combining the clus-
ter energy with the momentum of the track, while the 7 and ¢ coordinates are derived
exclusively from the trackP] The energy calibration is performed using a mixture of
based algorithms and data driven corrections derived from Z — ee events [[140}[141]].

Once the electron and photon candidates are reconstructed, additional selections are ap-
plied in order to suppress the backgrounds from the misidentification of different types of
objects (fakes). These include dedicated identification algorithms, that exploit variables
related to the shape of the electromagnetic showers, track quality and matching require-
ments and, for electrons, information about the transition radiation released in the
The electron identification is based on a Likelihood approach built from the probability

distributions of discriminating variables in signal and background candidates. For both

electrons and photons a dedicated set of identification [Working Points (WPs)|is defined,
with different selection efficiency and purityf’} Similarly, isolation variables and[WPs|are

defined using information from both ID|tracks and calorimeter clusters.

The offline selection efficiency of electrons and photons can be factorised as:
€tot = €reco X €ID X €iso (33)

where each step of the selection procedure contributes separately to the total. The recon-
struction and identification efficiency in 2016 data is shown in Figure [3.5|for electrons
and unconverted photons, highlighting a data]MC| discrepancy in the electron identifi-
cation performance caused by a mis-modelling of the conditions. Calibration cor-
rections are derived in the form of efficiency that are applied to the to match

the observed performance in data.

3.2.4 Muons

Muons appear as charged particle tracks in the [Djand[MS] with a finite curvature caused
by the magnetic field of the solenoid and toroid systems. Their selection procedure [143]
begins with two independent track fits in the [[D]and that are then combined using
different algorithms depending on the signature in each sub-system. The soft-

ware is able to identify the following types of muon candidates:

2If the track has no hits in the silicon detectors, the 1 coordinate is derived from the cluster.
3The purity is defined as the fraction of real electrons (photons) among the selected objects.



66 3.2 Object reconstruction

>
<3
——————
% - = 11 I =
; . E ]
a NP §a S TLAS Prehmmary (s=13TeV
5 & -
& 0.9k =
ATLAS Preliminary E ]
\s=13TeV, 339 15" 0.8 =
-2.47<2.47 = 0<I <06 B
—+— Loose 0.7 unconverted y 7
—a— Medium C |
—— Tight C J
Dpta: full, MC: open ! O-G_ZF —=— Electron extrapolation (36.1b") 3
T T T T T T T = |
g é 050 —— Matrix method (37.1fb) =
s S 3 E 1 =
B # # 0.4E —— Z >y (36.1fb™) E
= L L Ll -
80 100 120 140 102 10°
E, [GeV] E; [GeV]
(a) (b)

Figure 3.5: Reconstruction and identification efficiencies for electrons (a) and for un-
converted photons (b) [142]. The electron efficiency measured in Z — ee events in both
data and[MC] while the photon efficiency is measured through different data-driven tech-
niques [137]] in the central pseudorapidity region (|n < 0.6]).

Combined When matching tracks are found in both [ID|and a global refit is per-
formed in order to obtain a combined muon track that describes the trajectory of
the particle through the entire detector, taking into account the energy loss in the
calorimeter. This signature provides a good momentum resolution in all p ranges,
driven by the[ID|at low pt and by the at high pr. The longitudinal acceptance
of combined muons is limited by the @] (In| < 2.5).

Extrapolated Muons in the forward region (2.5 < || < 2.7) yield a track in the
but lie outside the acceptance of the[[D} Their trajectory is reconstructed from the
track, with a loose requirement on its compatibility with the interaction point

in the centre of the detector.

Segment tagged Tracks in the [[D|are classified as muons if a corresponding hit in the
inner layer of the [MS|is found. In general, this type of signature occurs only for

muons with low pr or as a result of acceptance cracks in the

Calorimeter tagged Finally, tracks in the [ID] are classified as muons if they can be
matched with an energy deposit in the calorimeter compatible with the signature
of a|MIP} with no associated[MS|track. This happens primarily in the central pseu-
dorapidity region (|n| < 0.1) due to the presence of a crack in the barrel of the
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Figure 3.6: Muon reconstruction and identification efficiency as a function of pr (a) and

71 (b) in the |[ATLAS|detector [144].

Additional identification selections are applied in order to separate prompt muons from
various background sources, mostly pion and kaon decays. The selections employ track
quality variables in both and including the normalised x? of the combined track
fit, and other requirements on the compatibility between the charge and momentum
measurements in the two sub-systems. In addition, track-based and calorimeter-based
isolation variables are used to further select prompt muons, produced at significant an-
gular distance from other objects in the event.

Similarly to the case of electrons and photons, dedicated sets of identification and isola-
tion are defined to meet the requirements of different analyses. The perfor-
mance is calibrated using the tag-and-probe method in Z — up or J/v — pu events,
and are obtained for each step of the selection process. The muon reconstruction

and identification efficiencies as a function of pr and 1 are shown in Figure

3.2.5 Jets

As a result of the confinement properties of elementary quarks and gluons from
proton collisions generate collimated sprays of particles (jets) [145], which appear as
showers in the calorimeter system associated to tracks in the|ID| The analyses presented
in this thesis employ Calorimeter jets, that reconstruct the four-vector of the original
partons by measuring the energy of the showers in the ECAL]and [HCAL]
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Jet reconstruction

The energy of the showers is measured by forming clusters [146}/147] in the calorime-
ters, similarly to what is done for the triggers described in Section[3.2.1]but with a three-
dimensional structure. The clusters are built through an iterative algorithm that begins
with the identification of seed cells with energy deposits above a high threshold t...q and
continues by adding neighbouring cells with a lower threshold ¢.;;. Once the bulk of the
cluster is formed, an external layer of cells is also added in order to include potential
leaks of the shower.

The collection of clusters in each event is used as input for jet-finding algorithms, which
treat them as massless objects with four-vectors of energy £ = Y, F’  and angular
coordinates determined by their position in the detector. The standard jet-finding algo-
rithm of the Collaboration is the anti-kt algorithm [[148], where a collection of
jets is formed through an iterative recombination of the input clusters. The characteristic
shape of the output jets is a cone with angular width driven by a free parameter R, which
is set to 0.4 in all the analyses discussed in this thesis. As discussed in Ref. [[145], the
anti-k7 algorithm is infrared and collinear safe, meaning that the output jet collection
remains unchanged if the event is modified by adding a collinear splitting of a parton or

an extra soft emission in the final state.

Jet calibration

Jets obtained from calorimeter clusters are reconstructed at the characteristic energy

scale of [Electromagnetic (EM)| objects (EM]| scale), which underestimates the hadronic

energy deposits due to the non-compensation of the calorimeter and to other detector-
related effects. The jet calibration procedure used for the analysis of 2015 and 2016
data follows the [EM| + [Jet Energy Scale (JES)| scheme [149], where a set of corrections

parametrised by the pr and 7 of the jets are applied to match the energy of the initial
partons. The is defined by the following sequence of corrections:

Vertex correction The four-vectors of the jets reconstructed by the anti-kr algorithm,
which are initially pointing to the geometrical centre of the detector, are adjusted

to point to the [PV]in the event.

Pileup correction The effect of pileup on the energy of the jets is mitigated through
an area-based subtraction procedure [150], which removes the average energy de-

posits in the calorimeters produced by the underlying event.
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Figure 3.7: Momentum (a) and pseudorapidity (b) dependence of the jet response in the
detector [[153]]. The left plot shows the ratio of the jet response in data and [MC|
obtained from the combination of three in situ calibration techniques, while in the right
plot the relative jet response is shown as a function of 77 in di-jet events for data and two
different samples. The discrepancy between data and for |n| > 1.0 is ascribed

to the modelling of the material budget of the detector in the forward regions.

Jet energy and 7) correction Jets are further calibrated by applying energy and pseu-
dorapidity corrections derived from simulation, where the reconstructed kine-

matical properties are compared to the true values in bins of reconstructed pr and

n.

Global sequential correction Additional corrections, known as Global Sequential Cor-
rections [[151]], are applied based on individual jet properties, such as the fraction
of energy deposited in different calorimeter layers or the number and type of as-

sociated tracks.

In-situ calibration A final set of in-situ corrections accounts for discrepancies be-
tween data and simulation in the measurement of the pr of the jets [152]. The
corrections are obtained from multijet and y/Z+jet events, where the momentum
of a probe jet is balanced against a well-measured reference object. The jet re-

/P, is shown in Figure [3.7|as a function of p

. b
sponse function, defined as py°"°

and 7.
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Jet cleaning selections and Jet Vertex Tagger

Dedicated selections are applied to reduce the background of fake jets, that may arise
from a variety of sources ranging from hardware effects, beam-gas interactions or
cosmic ray showers. Quality requirements are introduced for several parameters, includ-
ing the fraction of energy deposited in the different layers of the calorimeter system and
the fraction of jet pt measured by the tracks in the[ID| The above requirements define a

“bad jet” condition, which is used in the analyses to suppress the fake contamination.

In addition, a[Jet Vertex Tagger (JVT)|[154] variable is developed in order to remove jets

produced by pileup effects in the kinematical range 20 < pr < 60 GeV and for |n| < 2.5.
is a multivariate discriminant built from variables related to the fraction of charged
tracks in the jets that point to the [PV] indicating the compatibility of the jet with orig-
inating from the hard scattering interaction. Particular efforts have been dedicated to
ensure that is stable as a function of the number of in the event, to avoid the
introduction of pileup-dependent biases. The performance of the selections is cali-
brated using Z — pu + jets events, and efficiency [SFs|are derived in bins of jet pr for a

set of WPsl

3.2.6 b-tagging

The ability to identify the products of bottom quark hadronisation (b-hadrons) is crucial
for the analyses presented in this thesis and for several more areas of research within
the Collaboration. Bottom quarks generate hadronic jets (b-jets) with the same
mechanism of the other coloured particles, so they are reconstructed by the standard
jet algorithms described in Section Once the jets are formed, dedicated b-tagging

algorithms [[155]] are employed to assess the presence of a b-hadron within their cone.

b-tagging algorithms

The characteristic properties of b-jets in [ATLAS|are shown in Figure where a com-
parison with a standard light jet is presented. Due to their lifetime of the order of 102
s, b-hadrons can travel a measurable distance in the detector before decaying, yielding a
secondary vertex inside the jet. The impact parameter of the tracks from the b-hadron
decay is also expected to differ from zero, providing a useful tool for jet flavour discrim-
ination. A similar experimental signature is obtained for jets from charm quark hadro-

nisation (c-jets), with lower average displacement of the secondary vertex due to the
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Figure 3.8: Comparison between the characteristic properties of light jets and b-jets in
the [ATLAS|events. The trajectory of the b-hadron, the secondary vertex and the impact

parameter of a track from its decay are highlighted.

shorter lifetime of c-hadrons. This implies that dedicated algorithms can be developed
also to identify c-jets [[156]], but also that c-jets are a significant source of background for
b-tagging.

The Collaboration has developed three types of b-tagging algorithms that iden-
tify b-jets following alternative approaches [[157]]. The outputs of these algorithms are
then combined into a single multivariate tagger, MV2, that provides the best discrimi-
nating power between the various jet flavour hypotheses. A brief overview of the major

characteristics of each algorithm is given below:

IP2D and IP3D The first approach involves the use of the impact parameters of the
tracks as main discriminating variables, since they are expected to be larger for
tracks that originate from the decay of b-hadrons. The significance of the trans-
verse impact parameter of the tracks, dy/oy,, is employed by both IP2D and IP3D
taggers, and the latter uses also the longitudinal impact parameter significance,
208in 0/0., sing. The probability distributions of these quantities are employed to
define ratios of b-jet and light-jet hypotheses, which are then combined into a sin-

gle discriminant.

Secondary Vertex Finding Algorithm A second possibility is to perform an explicit

reconstruction of secondary vertices within the cones of the jets. The Secondary
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Vertex Finding algorithm uses as input all pairs of tracks associated to each jet,
forming two-track vertices that are then discarded based on their compatibility
with background sources such as hadronic interactions with the detector, photon
conversions or decays of long-lived particle (kaons or A baryons). Additional qual-
ity requirements on the tracks are introduced to suppress the background from
pileup vertices, and to reduce the probability of reconstructing fake vertices in

dense track environments.

Decay Chain Multi-Vertex Algorithm (JetFitter) A third type of algorithm, JetFitter
[158], performs a reconstruction of the full decay chain of b-hadrons inside the jets
based on their expected topological structure. The trajectory of the b-hadron and

of its decay products is extracted using a Kalman filter [159].

Mutivariate Algorithm (MV2) A Boosted Decision Tree algorithm [160], MV2, is im-
plemented with the ROOT TMVA package [161] to combine the output of the three
taggers described above. The algorithm is optimised in three different versions,
MV2c00, MV2¢10 and MV2c20, where the numbers are related to the fraction of
c-jets (in %) that are present in the background training sample in addition to a
majority of light flavour jets. The analyses in this thesis employ the MV2c10 tag-

ger in a configuration where the training sample contains 7% c-jets and 93% light

jetd] [157].

The performance of different configurations of the MV2 algorithm in ¢ events is shown
in Figure where the efficiency of correctly identifying b-jets is compared with the
rejection probability of c-jets and light jets, defined as the inverse of the corresponding
mis-tag rates. The versions of the algorithm with more c-jets in the background training
sample yield a better c-jet rejection and a worse light jet rejection, while the opposite
happens if no c-jets are included in the training. Benchmark cuts on the output of the
MV2c10 algorithm are used to define a set of b-tagging[WPs| optimised to provide specific
efficiency values (60%, 70%, 77% and 85%) on a reference ¢t sample. In addition, to
correct for a degradation of the b-tagging performance at high values of the jet pr, a
more sophisticated set of is defined by modifying the cut threshold of MV2c10 as a
function of the pr, yielding a constant tagging efficiency in all kinematic regimes. More

detail on the performance of b-tagging algorithms is provided in Chapter

“In its first Run 2 configuration MV2c10 was trained using a background sample with 10% c-jets, as
indicated by the name of the tagger. Its performance was then re-optimised in 2016 by changing the c-jet

fraction to 7%, but the name was left unchanged.
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Figure 3.9: Performance of the MV2 algorithm in ¢ events, showing the rejection versus
efficiency curves for the c-jet (a) and light jet (b) backgrounds [[157]]. The curves in each
plot are obtained using alternative configurations of MV2 (2015 and 2016) and different
fractions of c-jets in the background training sample. The results in this thesis are based

on the MV2c10 tagger with the 2016 configuration.

b-tagging calibration

In order to apply b-tagging requirements in physics analyses, the performance of the
algorithms must be accurately measured in data and[MC|simulation. The first parameter
to be measured is the b-jet efficiency, but it is also important to determine the probability
of mis-tagging c-jets (referred to as c-tagging efficiency) and light jets (mis-tag rate).

A variety of techniques have been developed to measure the above parameters in data,
allowing to derive calibration corrections in terms of efficiency [SFs|for real b, ¢ and light
jets separately. The baseline b-jet calibration, performed by selecting ¢t events in di-
leptonic final states [[162], is able to achieve a precision of the order of a few % in the
jet pr range between 20 and 300 GeV. The reach can be extended to approximately 500
GeV by performing a similar analysis in semi-leptonic events, which benefits from more
available statistics. The c-tagging efficiency is measured by selecting events with c-jets
produced in association with a 1" boson decaying into a lepton and a neutrino [163]. The
presence of a c-jet is determined by reconstructing a soft muon from the semi-leptonic
decay of the c-hadron, and the purity of the sample is improved by correlating the charge
of the two leptons in the event. Finally, a negative-tag method [164] is employed to
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measure the mis-tag rate that originates mainly from tracking resolution effects. Several
more calibration strategies have been studied within the [ATLAS| Collaboration, and a

comprehensive overview of the most relevant ones is provided in Ref. [[155].

3.2.7 Missing transverse momentum

Thanks to the hermetic coverage of the detector, the presence of invisible parti-
cles in the events can be assessed by reconstructing a significant momentum imbalance in
the transverse plane. Indeed, while the longitudinal boost of the hard scattering products
varies on an event-by event basis, the net transverse momentum of the reconstructed ob-
jects in the final state is expected to be balanced within finite resolution effects, unless
at least one particle has escaped the detection.

The momentum imbalance in the transverse plane is measured by the two-dimensional
missing transverse momentum vector, p_. . [165], defined as the negative vectorial sum

of the -y components of the four-momenta of the visible objects in the event:

T _ Z T
Piiss = — Pob;- (34)
all
The magnitude of pZ, . is known as missing transverse momentum or missing transverse

energy (E%), and the azimuthal coordinate of the vector is simply given by:

¢E¥liss — aI'Ctan (p:IyniSS /pfnlss) (3.5)

where the = and y projections of p’,  are used.

The sum in Equation [3.4|can be split in a hard term that includes all the relevant physics
objects reconstructed by the detector (electrons, muons, 7 leptons, photons, jets) cal-
ibrated at their appropriate energy scale, and a soft term that contains the remaining
detector signal objects in the event. The individual contributions to the hard term are
added in sequence following a fixed order: electrons, photons, hadronically decaying 7
leptons, jets and muons. During the reconstruction process, the algorithm solves the
overlaps between different types of objects by keeping those that appear earlier in the
chain. For the analyses presented in this thesis the hadronic 7 term is not included in
the computation, because explicit 7 reconstruction is not employed, so any hadronic 7 in
the events is reconstructed as a jet and contributes to the jet term of the E}. The soft
term can be reconstructed using[[D] tracks (track-based soft term) or calorimeter signals
(calorimeter-based soft term): for the analysis of 2015 and 2016 data, the track soft term

is used as a baseline choice due to its lower sensitivity to pileup effects [[166].
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The performance of the EX*** is studied in events where invisible particles are present,
such as leptonically decaying W or t¢ samples, in order to validate the reconstruction
algorithms and remove potential biases in the absolute scale. In parallel, a measurement
of the resolution is obtained from the width of the E}'* distribution in Z — (¢ events

where no real sources of momentum imbalance are expected.
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4 | b-tagging performance studies

with Monte Carlo simulations

This chapter presents a study of the performance of the baseline b-tagging algorithm in
MV2c10, with focus on the boosted kinematic regime of the b-jets. Since the
data-based calibration analyses have a limited reach at high pr due to the small size of
the available b-jet sample [155], the study is entirely performed using simulations,
where b-jets with pr up to a few TeV can be obtained. The workflow of the analysis is
outlined in Section[4.1]together with a description of the technical aspects, while Section
[4.2]is dedicated to a full discussion of the results.

4.1 Analysis strategy

As described in Section the MV2c10 algorithm computes a multivariate b-tagging
weight for each input jet, based on a set of variables related to the jet and to the associated
tracks. Since these quantities are reconstructed by the detector with finite accuracy, their
measured values carry an experimental uncertainty that affects the resulting MV2c10
weight, causing a systematic uncertainty on the performance of the tagger. The purpose
of the study presented in this chapter is to evaluate the impact of various sources of
systematic uncertainty on the performance of MV2c10, quantifying the uncertainty on
the tagging efficiency as a function of the pr of the jets. The study is particularly relevant
for jets with pp higher than a few hundred GeV, for which the data-based calibration

analyses are unable to provide a direct measurement of the b-tagging performancd]

IFor reference, the baseline b-tagging efficiency calibration [[155]] has a b-jet pT reach of 300 GeV.
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4.1.1 Workflow and object definitions

The analysis is performed with a software that runs the b-tagging algorithm on a set of
benchmark [MC|samples, computing the value of the output MV2c10 discriminant for all
input jets in each event. The output discriminant is built first using the nominal track
and jet collections, then using modified input collections according to the expected ex-
perimental uncertainties on tracks and jets (see Section [4.1.3).

The performance of the MV2c10 tagger is studied separately for real b, c and light jets
(see Section [3.2.6) with flavour determined at truth level by performing an angular (AR)
matching between jets and b or c-hadrons in the events. The b-tagging decision is taken
by applying a cut on the MV2c10 outputs of each jet, and efficiency distributions as a
function of the jet pr are derived for each different source of systematic uncertainty. By
comparing the efficiency values in each bin of pr, it is hence possible to assess the impact
of each variation on the performance of the MV2c10 tagger.

The studies are entirely based on Calorimeter jets reconstructed through an anti-kr al-
gorithm with radius R = 0.4, as introduced in Section Tracks are required to

satisfy the “Loose” quality criteria [167]], which corresponds to the following selections:
« pp > 400 MeV and |n| < 2.5.
« At least 7 hits in Pixel and layers.

« A maximum of 1 shared module (Pixel hit shared by two or more tracks, or double

hit in a single layer).

+ A maximum of 2 silicon holes (Pixel or layers with no hit in correspondence
of the track trajectory) and 1 pixel hole.

4.1.2 Monte Carlo samples

The analysis of the performance of the MV2c10 algorithm requires large samples of b-
jets covering a wide range of kinematic regimes, with pr distributed from a minimum
of 20 GeV up to a few TeV. In order to obtain them, the following samples are used:

Inclusive tt: The pair production of |[SM| top quarks yields two bottom quarks in each
event, originating from the ¢ — Wb decay. The majority of the b-jets have pr
values below the top mass scale, but occasionally also b-jets with higher boosts are
produced. The nominal ¢ sample in is simulated using Powheg [126] as
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event generator and Pythia 6 for the[PS|[[122,/123], with the EvtGen [168] software
regulating the decays of the b-hadrons. Two alternative samples that use Pythia 8

or Herwig [[124]] instead of Pythia 6 are also available for comparison.

Z' — bb: The decay of a Z’ resonance into a pair of bottom quarks provides a sample
of b-jets with average pr approximately given by m /2. The studies presented in
this chapter employ a Z’ — bb sample with mz = 5 TeV, where a large amount of
b-jets with high pr is obtained. The sample is simulated with Pythia 8 interfaced
with EvtGen.

W’ — tb: A third sample of b-jets is obtained by simulating the decay of a W’ resonance
into a top-bottom pair, with the top decaying into a W boson and a bottom quark.
The peculiarity of this sample is that 50% of the b-jets originate directly from the
decay of the W', while the remaining 50% is produced through the decay of the
top quark. W’ samples are generated with MadGraph [125]] interfaced with Pythia
8 and EvtGen.

4.1.3 Systematic uncertainties

The performance of b-tagging algorithms is affected by a variety of systematic effects
related to the input tracks [169] and to global jet properties. This paragraph presents the
sources of systematic uncertainty that are considered for the present study, providing a

description of their origin and their expected impact.

Impact Parameter Resolution

The transverse and longitudinal impact parameters of the tracks (dy and z) are essential
for the computation of the multivariate MV2c10 weight, because the tracks from the
decay of b-hadrons are distanced from the

The intrinsic resolutions of dy and z; are measured in multi-jet and Z — ppu events [170],
and are found to be larger in data compared to simulations. A dedicated analysis is
performed to extract dy and 2, smearing corrections, to be applied to each track in order
to reproduce the resolution observed in data. Alternatively, since the resolution in
is influenced by the modelling of the inactive modules of the Pixel detector, a correction
can also be derived by re-evaluating the track parameters after randomly disabling a 5%
fraction of them. In both cases, an impact on the performance of the MV2¢10 algorithm

is expected.
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Fake Tracks

Uncorrelated hits in the [Dlcan cause the reconstruction of fake tracks as a result of com-
binatorial effects, particularly relevant in high pileup conditions. Under the assumption
that the number of real (i.e. non-fake) tracks is proportional to the pileup parameter y,
the number of fakes can be estimated by measuring the total number of tracks as a func-
tion of 1, attributing any deviation from a linear behaviour to the fake component [169].
The difference between the number of fake tracks in data and [M{is found to be around
30% independently of pr and 7, so a systematic variation is implemented by randomly

removing 30% of them from the nominal input collection in the samples.

Track Reconstruction Efficiency

Another relevant parameter for the performance of b-tagging is the reconstruction effi-
ciency of real tracks, which is affected by the knowledge of the amount of material in
the[[D|[171]. The associated uncertainty is evaluated as a function of the track pr and n
by measuring the difference in tracking efficiency between the nominal sample and one

where additional material is added. Four independent variations are implemented:

« Passive material in the [[D|scaled by 5%.
« Passive material in the layer scaled by 40%.
« Passive material in the Patch Panel 0 (PP0) region of the [ID|scaled by 50%.

« Change in the Geant 4 physics model used for the event reconstruction.

Tracking in dense environments

Specific measurements of the track reconstruction efficiency are performed in the core
of hadronic jets [172], where a deterioration of the tracking performance is expected
due to the high density of the experimental environment. The fraction of lost tracks is
measured in bins of jet pp within A R(track, jet) < 0.1 in data and[MC] and the observed
difference of approximately 0.4% is applied as a systematic uncertainty by randomly

dropping 0.4% of the tracks inside the jet core.

Weak modes in the Inner Detector alignment

The alignment of the [ID|is performed with a track fit procedure [[173] based on the min-

imisation of a x? function, which depends on a set of alignment parameters. The de-
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formations of the detector material that have little or no impact on the value of the >
are known as weak modes, and represent a source of ambiguity in the alignment pro-
cedure. As a result, the following potential biases on the performance of the tracking

algorithms [174] may occur:
« Charge-antisymmetric bias on the reconstructed ¢/p ratio of the tracks.

« Bias on the transverse and longitudinal impact parameters (dy and zp).

The impact of the weak mode biases on the performance of MV2c10 is studied by shifting
the tracking parameters within the expected systematic uncertainties, evaluating the

corresponding efficiency variations.

Jet Energy Scale and Resolution

The calibration of the jets to the appropriate energy scale [175]], described in Section|[3.2.5]
carries an uncertainty that influences their measured momentum, potentially causing a
bias in the pr-binned b-tagging efficiency. The uncertainty is implemented based
on the results of the calibration studies, in the form of 3 variations that parametrise the
effect of a larger number of corrections. Similarly, the resolution of the measured jet
energy (Jet Energy Resolution, also carries an experimental uncertainty [176]], and
the associated effect on the performance of the MV2c10 algorithm is studied.

Jet Angular Resolution

A final uncertainty is associated with the direction of the jet axis, which can be recon-
structed either from the energy deposits in the calorimeter or from the tracks in the [D]
The two measurements may differ due to experimental resolution effects, and a smear-
ing factor can be applied to the simulation to match the resolution in data, similarly
to what is done for the impact parameters of the tracks. The associated systematic un-
certainty on the b-tagging is estimated by smearing the ¢ and 7 values of the jets by
gaussian factors of 0.004 and 0.008 respectively.

4.2 Results on b-tagging performance

This section is dedicated to a full discussion of the performance of the MV2c10 b-tagging
algorithm, including the analysis of the systematic effects described in the previous para-

graphs. As anticipated in Section the algorithm can be employed with two types
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of implemented by defining benchmark selections on the value of the MV2c10
discriminant of the jets. In the fixed cut the selection on the MV2c10 output is a
constant value independent of the jet pr, so the resulting performance may vary in dif-
ferent kinematic regimes. Alternatively, fixed efficiency are defined by scaling the
value of the MV2c10 cut as a function of the jet pr, to ensure that the b-tagging efficiency
remains constant over a wide range of momenta. The performance results in this section
are presented for a fixed cut[WP|used for all the analyses in the next chapters, optimised
to yield a b-tagging efficiency of 77% on a reference ¢t sample. The case of the fixed
efficiency WP| for which similar conclusions can be drawn, is presented in Appendix

4.2.1 Nominal performance

Before studying the impact of systematic effects, it is useful to examine the nominal
performance of the MV2c10 tagger for different physics processes and for different kine-
matic regimes of the jets.

The b-tagging efficiency as a function of the jet pr is shown in Figures and [4.1b] for
the 77% fixed cut and fixed efficiency [WPs| comparing the performance in ¢t and Z' — bb
samples. The general trend of the curves is similar for the two physics processes: the
efficiency is relatively low for soft b-jets, it reaches a peak in the pr range between 50
and 200 GeV and it decreases again for higher boosts of the jets. The performance in
tt and 7’ is comparable up to about 200 GeV, but a major deviation is observed in the
high pr region, where the efficiency in the 7’ dataset is significantly lower. In particular,
the fixed efficiency WP|is able to yield a constant efficiency only when applied to the ¢
sample (which is used to optimise its pr-dependent selections), while the Z’ curve still
shows a significant decrease at high pr.

Similarly, Figures and show the nominal c-tagging and mis-tag efficiencies for
the 77% fixed cut and fixed efficiency[WPs| obtained using a ¢t sample. As expected, the
comparison between the two plots indicates that the fixed efficiency WP|yields a larger
mis-identification efficiency at high pr for both c-jets and light jets.

4.2.2 Relation between b-hadron and b-jet momentum

The discrepancy between the b-tagging performance in ¢t and Z’ can be understood by
analysing the different substructure of the b-jets in the two physics processes, focusing
on the kinematical properties of the associated b-hadrons. In particular, the b-hadrons

associated with the jets are extracted using the same truth-level A R matching procedure



82 4.2 Results on b-tagging performance
Nominal efficiency comparison for 77% fixed cut WP Nominal efficiency comparison for 77% flat efficiency WP
> 1.2 >
2 [ 2 - e  Top pair (PowhegPythia6)
.g r . Top pair (PowhegPythia6) % L PP 9
=R £ 1
w L w C e Z(5Tev)
osl e Z(5TeV) 08l
srps v T ——
3 —— 3 ——
eri —— o6t —_—
[ — [
L e L
L L —
0.4— N 0.4—
L + L - e
= = —_—
0.2; —_— 0_2;
L i L
P S S B B R R P S S S H R R
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
T T
pb-jel [GeV] pb-]e& [GeV]
(@) (b)
Top pair (PowhegPythia6) efficiency, 77% fixed cut WP Top pair (PowhegPythia6) efficiency, 77% flat efficiency WP
) & [
S [ e c-tagging efficiency S F e c-tagging efficiency
g o g0
i £ « Mis-tag efficiency W « Mis-tag efficiency
s : . *
107 - ! oo™ —
E w0 — !
c E —_—
r — E
L -— L -
_. --- —_—
1072 ;.0 —— 102 e
3 Pos®
ol Lo b b b Ly ol Lo b b b L
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
T T
pr, [Gev] pr, [Gev]
(©) (d)

Figure 4.1: Nominal tagging efficiency for different jet types, physics processes and

Figures (a) and (b) show the b-tagging efficiency as a function of the b-jet pr in ¢t and Z’
samples for the 77% fixed cut and fixed efficiency[WPs| while the c-tagging and mis-tag
efficiencies are compared in Figures (c) and (d) in a ¢¢ sample for same two

described in Section [4.1.1} which is already used as standard tool to determine the real

flavour of the jets.

The average pr of the b-hadrons as a function of the pr of the associated b-jets is shown
in Figure [4.2] for ¢ (with Pythia 6, Pythia 8 and Herwig as [PS| generators), Z’ and W’

samples. The relation is approximately linear for Z’, while for ¢ the slope of the curve

is lower and tends to decrease at high pr. Lastly, the W’ sample exhibits an intermediate

behaviour between the the two. It is important to emphasise that the ¢¢ distributions
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Figure 4.2: Average pr of the b-hadrons as a function of the pr of the associated b-jets
in ¢t (with Pythia 6, Pythia 8 and Herwig as [PS| generators), Z’ and W’ samples. Both
quantities in the plot are extracted from the truth information of the]MCsimulations. The

observed discrepancies between the different physics processes are discussed in detail in

Section W

are independent of the chosen|[PS|generator, proving that the observed discrepancies are
not related to different types of hadronisation or fragmentation models in the nominal
tt and Z’' samples, but rather to the intrinsic features of the physics processes.

Further details are provided in Figure where the distribution of the ratio between
b-hadron and b-jet pr is shown separately in individual bins of b-jet pr for the same four
samples. When the 50-100 GeV bin is considered (Figure the distributions ap-
pear similar, while for higher pr ranges the discrepancies between the different physics
processes become progressively more relevant. In the 1000-1100 GeV bin (Figure
the ¢t and Z’ histograms have different peaks, while interestingly the W’ histogram
shows a hybrid structure, with one peak similar to the ¢¢ histogram and a second peak
that follows the shape of the Z’ distribution.

The observed features can be interpreted by analysing the different production mech-
anisms of b-hadrons in the physics processes under exam. In tf events the b-hadrons
originate from top quark decays, so the transverse momenta of the associated b-jets in
the rest frames of the top quarks are limited by m; ~ 170 GeV. This is also the case
for the majority of the b-jets in the laboratory frame, which populate the first bins in
Figure |4.2|and yield the largest b-tagging efficiency in Figure The b-jets with higher
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Figure 4.3: Distribution of the ratio of b-hadron and b-jet pr in ¢ (with Pythia 6, Pythia 8
and Herwig as[PS|generators), Z’ and W’ samples in the b-jet pr ranges 50-100 GeV (a),
250-300 GeV (b), 500-550 GeV (c) and 1000-1100 GeV (d). The histograms are obtained
using the truth information and are normalised to unit area.

pr must necessarily originate from top quarks with significant boost, where the decay
products are collimated and can potentially overlap within the cone of the jets [177]. In-
deed, Figures [4.2]and [4.3] show that the fraction of jet pr carried by the b-hadrons tends
to decrease in high jet pr bins, implying that the reconstructed jets contain more objects
from different sources. The situation is different in Z’ events, where the b-hadrons origi-
nate directly from the two-body decay of the high-mass resonance, so the corresponding
b-jets are well isolated and the relation between b-hadron and b-jet pr is nearly indepen-
dent of the pr regime. Finally, in W’ events a first b-hadron is produced directly in the

decay of the resonance, while a second one originates from the decay of the top quark.
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As a result, 50% of the jets show the same features of those from the Z’ sample, while
the others behave similarly to the ¢ ones, yielding the hybrid behaviour observed in the
plots.

The larger b-tagging efficiency at high pr in ¢t events compared to Z’ can be explained
by the fact that a given bin of b-jet pt corresponds to different average boosts of the
b-hadrons. The performance of the b-tagging algorithms is driven by the pt of the b-
hadron, which influences the average displacement of the secondary vertex (see Figure
and the associated quantities, such as the impact parameters d and z,. The MV2c10
algorithm is optimised for the bulk of ¢f events, where it achieves the highest efficiency,
while the performance deteriorates when the kinematical properties of the b-hadrons

are significantly altered.

4.2.3 Systematic uncertainties on b-tagging efficiency

After the discussion of the nominal performance of the MV2c10 tagger, it is now possible
to analyse the impact of the uncertainties presented in Section Since the number
of systematic variations is large, it is convenient to consider separately the track-related
and jet-related ones, so that the the individual contributions can be highlighted. In ad-
dition, due to the observed discrepancy in the nominal efficiency, it is useful to evaluate
the size of the systematic variations separately for ¢f and Z’ samples.

Figure 4.4[shows the uncertainty on the b-tagging efficiency as a function of the b-jet pt
caused by track and jet systematics in a 5 TeV Z’ sample, for the 77% fixed cut WP A
remarkable feature of the Z’ sample is the large amount of statistics in the boosted pr
regime of the b-jets, which allows to measure the uncertainty with high accuracy up to
a 2-3 TeV pr bin, while c-tagging efficiency and mistag rate cannot be studied due to the
lack of c-jets and light jets in the final state. The size of the variations is generally low,
with the largest contribution given by the track fake rate, which reduces the tagging
efficiency in the highest pr bins.

Analogous efficiency plots are shown in Figure [4.5/for ¢, where c-tagging efficiency and
mis-tag rate can also be shown thanks to the sufficient amount of c-jets and light jets in
the sample. Due to the lower available statistics at high pr, the uncertainties are eval-
uated only up to a maximum pr of 2 TeV. The observed uncertainties on the b-tagging
efficiency (Figures are generally compatible with the results obtained with the
7' sample: the dominant variations originate from track-related effects, while the jet

systematics have a negligible impact. The uncertainties do not exceed ~ 10% even for
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Figure 4.4: Ratio of modified and nominal b-tagging efficiencies as a function of b-jet pr
in a 5 TeV Z' sample for the 77% fixed cut showing the impact of the individual
track (a) and jet (b) systematics defined in Sectionm

the highest pr bin, and the size of the track fake rate uncertainty is slightly smaller than
the same variation in the Z’ sample.

The impact of the uncertainties on c-tagging efficiency and mistag rate from light jets
in ¢t events is presented in Figures to While the jet uncertainties are again
causing minor effects, the track-related systematics produce significant variations of the
efficiency in a broad range of jet pr. In particular, the smearing of the resolution of
both impact parameters (dy and zj) causes a relevant increase of the mistag efficiency
for both c-jets and light jets. This result is not surprising, since the misidentification of
jets is mainly due to mis-measurements of tracking parameters [164]].

The total impact of track-related systematic uncertainties on the efficiencies is shown in
Figure [4.6/for b, ¢ and light jets in the ¢ sample and for b-jets in the Z’ sample. For sim-
plicity, the histograms are obtained by summing in quadrature the contributions from
the individual sources of uncertainty. This strategy neglects potential correlations be-
tween different systematics and may produce a double counting of similar effects, but
it provides a good estimate of the overall size of the tracking uncertainties on the effi-
ciency of the MV2c10 algorithm. The relative uncertainty on the b-tagging efficiency is
below 10% for all b-jets up to 1.2 TeV, and remains below 20% even when b-jets with pr
higher than 2 TeV are considered. The size of the variations at high pr is slightly more

significant in Z’ compared to ¢, due to the larger impact of the track fake rate uncer-
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Figure 4.5: Ratio of modified and nominal b-tagging efficiencies vs jet pr in a ¢t sample
for the 77% fixed cut showing the impact of the individual track (left) and jet (right)
systematics defined in Section on b (top), ¢ (middle) and light (bottom) jets.
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Figure 4.6: Relative uncertainty caused by tracking systematics defined in Section
on the tagging efficiency as a function of jet pr for b (a), ¢ (b) and light jets (c) in a ¢t
sample, and for b-jets in a Z’ sample (d), for the 77% fixed cut@

tainty. The uncertainty on the c-tagging efficiency is around 10% up to jet pr values of
800 GeV, while the mis-tag uncertainty is stable around 30% and reaches 50% only in

the highest-pr bin. The corresponding plots for jet-related systematics are included in
Appendix|[C]
4.2.4 Final remarks

The performance studies presented in this chapter are used to define a systematic un-

certainty on the efficiency of the MV2c10 algorithm, based on the total tracking
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uncertainties shown in Figure The uncertainty is particularly relevant in boosted
regime of the jets, where the data-driven calibration techniques cannot be employed.
In addition, the comparison between the performance in tf, Z' and W’ samples is also
showing a significant discrepancy between the b-tagging efficiencies in different physics
processes, caused by the different sub-structure of the b-jets. This effect is not related
to the modelling of hadronisation and fragmentation in the samples, and it must be
taken into account when applying b-tagging selections on jets with pr greater than a
few hundred GeV.

Finally, the studies in this chapter are based on the 77% fixed cut[WP] which is used for
all analyses presented in this thesis, but similar results with the fixed efficiency [WP|are
included in Appendix|C| The analysis was also repeated for the 60%, 70% and 85%
commonly used within the Collaboration, reaching similar conclusions about

both nominal performance and systematic uncertainties.
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5 | Third generation SUSY searches
in ATLAS

The core topic of this thesis is the search for third generation squarks in the framework
of natural models (introduced in Section and models with spontaneous
R-parity breaking (Section[1.3.4). While the two types of signals are targeted by inde-
pendent analyses, the general approach presents several common aspects that are intro-
duced in the present chapter before discussing the individual cases.

Section [5.1| describes the characteristic experimental signature of particles at the
LHC| with emphasis on the case of third generation squarks. The dominant background
processes are then introduced in Section [5.2 together with a description of the sam-
ples that are employed for the searches in Chapters [¢] and [7] Section [5.3] presents the
general workflow of the two analyses, which is common to several more searches
in including a description of the 2015 and 2016 data samples, the online and
offline event selection, the definition of signal-enriched regions and the baseline back-
ground estimation strategy. Finally, Section [5.4is dedicated to the statistical tools that

are employed for the evaluation and the interpretation of the results of the searches.

5.1 SUSY searches

The superpartners of particles are expected to be produced in the proton-proton
collisions delivered by the yielding characteristic experimental signatures in the
detector. The production mechanism is generally assumed to be regulated by
couplings, that are less constrained compared to the ones [[178]], so most
analyses are carried out by considering only pair-produced particles, with
model-dependent exceptions far beyond the scope of this thesis. This section presents

an overview of the typical approach to searches in |[ATLAS]| highlighting the chal-
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lenges that they pose and the strategies used to overcome them. The phenomenology
of third generation squarks is discussed in detail, in order to provide the context of the
analyses in Chapters [6] and

5.1.1 Experimental challenges

The main difficulties faced by searches in [ATLAS]are related to the presence of a
significant amount of background from[SM|processes, whose importance varies depend-
ing on the cross section and experimental signature of the targeted signals. The produc-
tion cross section of the most relevant[SUSY|particles at the [179] is shown in Figure
as a function of their mass, to be compared with the background cross sections in Fig-
ure[5.2} for particles with masses of the order of hundreds of GeV, the background
cross sections are larger by several orders of magnitude. The signal cross sections are ob-
tained by treating squarks and gluinos as decoupled particles, which means that squarks
do not contribute to gluino production diagrams and vice versa. Under this assumption,
the cross section of squark pair-production is found to be the same for all families, with
a twofold degeneracy for each flavour due to the presence of left and right handed com-
ponents. Gluinos have a relatively large cross-section, while neutralinos and charginos
are disfavoured because their production is mediated by electroweak interaction.

The low cross section of particles implies that dedicated selections must be imple-
mented to remove the majority of the events collected by the detector, identifying those
with signal-like properties. A description of the baseline analysis strategy is presented
in Section[5.3

5.1.2 Benchmark models

The parametrisation of models can be challenging from a practical point of view,
due to the large number of degrees of freedom in the full lagrangian. A com-
mon strategy [[180]] is to concentrate on specific signal processes extracted from the full
models, ignoring any particle that does not contribute to them. For example, an anal-
ysis can be designed to target pair-produced squarks decaying into a quark and a
neutralino, neglecting completely the rest of the mass spectrum. The signature-
based benchmarks, referred to as simplified models, allow to minimise the number of
free parameters that define the phenomenological properties of the signal: in the above
example, the masses of squarks and neutralinos are sufficient. Their simplicity is also a

benefit for the reinterpretation of the results of the analyses under different theoretical
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Figure 5.1: Cross sections for pair production of particles as a function of their
mass in proton-proton collisions at 1/s = 13 TeV [[179]]. The cross sections are computed
under the assumption that the different particles are decoupled. The brown line
describes the production of ¢q pairs for five mass-degenerate flavour families (excluding
only the 7) with two (left and right) degrees of freedom per family, yielding an overall
ten-fold degeneracy.

assumptions, which is a powerful way to constrain new models.

When performing physics analyses with simplified models, it is important to keep track
of the theoretical assumptions behind the specific features of the signals, to be able to
interpret the results of the searches in broader contexts. For this purpose, after the com-
pletion of the analyses of the full Run 1 dataset at /s = 8 TeV, the Collaboration
has published a reinterpretation paper where the results of 22 searches are used to set
limits on a 19-parameter phenomenological MSSM]with a neutralino obtained from
a multi-dimensional scan which takes into account previous electroweak and flavour
measurements as well as dark matter constraints [182]. This result, which is presented
in terms of limits on the masses of each [SUSY]particle, provides a useful comparison be-
tween the constraints on simplified models and those on realistic scenarios, iden-
tifying the signals that would have escaped the existing searches.

The analyses presented in this thesis are entirely based on simplified models of third

generation squarks, with different decay modes inspired by the theoretical arguments
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Figure 5.2: Summary of the cross sections of the most relevant processes measured

by the |[ATLAS|experiment at /s = 7, 8 and 13 TeV [181].

discussed in Chapter

5.1.3 Phenomenology of third generation squarks

While the cross section of third generation squark pair-production with decoupled gluinos
depends only on the mass of the sparticles, the experimental signature of the models
varies significantly if different decay modes are considered. Lighter signals are gen-
erally easier to target thanks to the larger production rate, but in some situations the
kinematical properties of the final states resemble those of the backgrounds, com-
promising the possibility to obtain an effective separation. For each model, it is
hence important to optimise dedicated selections for different hypotheses on the masses
and the decay modes.

In the case of third generation squarks, the experimental signature is generally similar

for stop (f) and sbottom (b) production, so the analyses can often be interpreted in both
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scenarios. The next pages provide an overview of the phenomenology studied within

the [ATLAS| Collaboration, highlighting the differences between the two particles.

R-parity conserving decays

The searches for f or b pair-production with decays are usually done under
the assumption of a neutralino (x9) [183]]. In the simplest case the squarks decay
directly into the plus some extra [SM] particles, so the signal properties are basically
defined by fixing the values of the masses of the two superpartners. More degrees of
freedom appear if additional particles are included in the decay chain, such as
heavier neutralinos or charginos.

The signal benchmark samples are typically generated as a grid of simplified models
parametrised by the mass of the third generation squark and of one of the par-
ticles from the decay chain. If more than two particles are involved, dedicated
assumptions are made on the masses of the extra ones in order to keep a total of two
free parameters. For example, when working in the framework of the natural
spectrum shown in Figure it is necessary to include an extra light chargino (y;) and
a next-to-lightest neutralino (Y9) in addition to the # (or b) and the X!}. A two-dimensional
signal grid can be obtained by making a specific assumption on the mass splitting be-
tween the extra particles and the leaving the values of m; and myo as the only free
parameters.

The phenomenology of third generation[SUSY|signals is determined by the masses of the
squarks and their potential decay products, as well as by other relevant parameters, such
as the mixing between left and right components of the squarks (Equation[1.24) and the
mixing between gaugino and Higgsino states (Equations and which result in
different properties of the chargino-neutralino sector. Figure [5.3|illustrates four differ-
ent classes of models considered by a recent analysis targeting a pair-produced
t [184], that provide a good representation of the phenomenology studied within the
Collaboration:

(a) Pure bino (B) model:

A first simple configuration is obtained by setting only M, to the electroweak scale
in the neutralino mixing matrix in Equation [1.29, with the other parameters set to
multi-TeV values. This yields a mass spectrum with a single light x{, composed

almost exclusively by the B interaction eigenstate.

(b) Wino (W) |Next to LSP (NLSP)l model:
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sparticle masses
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Figure 5.3: Schematic view of four possible mass spectra involving third generation

squarks and light neutralinos and charginos [184]. The individual cases are discussed

in the text.

(d)

A second model is designed to obtain two degenerate WW-like mass eigenstates (a
X3 and a Y{) in addition to the B-like XJ. This is done in the by setting
M, = 2My in Equation [1.29) while keeping the other parameters at higher scales,
as suggested by models with gauge unification at the GUT scale [185-187].

Higgsino (H) model:

As discussed in Section[1.3.3] naturalness arguments predict a mass spectrum with
three Higgsino-like light mass eigenstates at the electroweak scale (see Figure[1.7).
This configuration is obtained by setting p to a light scale, and a variable mass
splitting between the three eigenstates is determined by the values of the M; and
M, parameters, with complete degeneracy in the asymptotic limit (M, My — o).
This is the reference model for the analysis in Chapter[6| where the pair production
of the b (not shown in Figure is targeted.

B-H mix model:

Finally, a well-tempered ! model [188]] is designed by imposing dark matter relic
density constraints in the together with the requirement of naturalness,
resulting in a mass spectrum where the Y9 is a mixture of B and H and additional

light states are present. In practice, this configuration can be obtained by setting

i ~ M in the pMSSM
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Figure 5.4: Decay modes of the ¢ in the mi-mgo plane [183]).

The scheme in Figure (5.4 shows the possible decay modes of the 7 in the mg-mgo plane
when the phenomenology is limited to direct decays into a X!, as in the pure B
model described above. An important two-body decay of the £, whose diagram is shown
in Figure is the following:

t, — tx) (5.1)

for which the kinematical constraint mg, > m;+myo must be satisfied. Similar decays of
the ¢ into heavier neutralinos can also occur in models where additional light states are
present, yielding more objects in the events, but for simplicity only the y! is considered
in the present discussion. When a two-body decay takes place, the boost of the quarks
and in the final state depends on the mass splitting Am/(#1, Y?). If the splitting is
large the objects are produced with high momentum, while compressed mass spectra
yield softer decay products, that often require dedicated analysis techniques.

In signal models where an extra Y] is included, the alternative two-body decay of the ¢
illustrated in Figure is also possible:

t — by (5.2)

with the kinematic requirement that mg > m; + Myt

When designing the analysis, it is convenient to target the diagrams in Figures and
under the assumption that the  decays exclusively in the channels of interest, !
and by with 100% respectively. While doing so, it is important to recall that both de-
cays may occur with comparable yielding asymmetric final states as the one shown
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Figure 5.5: Pair-produced f decaying directly into a ! pair (a), a by pair (b) or a mixture
of the two final states (c). The grey circles in the production vertices indicate generic
effective couplings, which represent un-specified production modes of the particles. The

figures also show how each diagram changes when replacing the ¢ with the b.

in Figure that are interesting to examine in addition to the symmetric ones.
Moreover, as indicated in Figure the diagrams associated with the above processes
can be used to describe both # or b pair-production by exchanging accordingly top and
bottom quarks in the final states. The replacement has a significant impact on the phe-
nomenological properties of the signals, because top quarks have a more complex ex-
perimental signature, so the analyses need to be adapted to the chosen case. A compre-
hensive search where b pair-production is assumed is presented in Chapter @
Returning to the discussion of Figure another possible two-body final state [[189] can
be obtained through the following decay:

t—cx® (5.3)

where no third generation quarks are produced. Since this process implies flavour vi-
olation, it is commonly expected to be relevant only when the competitive channels
are forbidden by kinematic constraints, as in the compressed mass region with small
Am(t, 1Y)

When two-body decays are forbidden, the off-shell decays of the # via virtual W bosons
or top quarks may become relevant, yielding three-body or four-body final states. The
decay via a virtual top quark (Figure is:

t— bW (5.4)
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Figure 5.6: Three-body (a) and four-body (b) decays of the . For the three-body case, the

leptonic decay of W bosons is shown.

while the four-body decay where also the W is virtual gives:

tL— bf XY (5.5)

As discussed in detail in Ref. [189], the four-body decay and the two-body decay into
charm quarks (Equation|[5.3) are predicted to be in competition in the same region of the
m¢-mgo plane, with a relative BR|that depends on the values of the relevant parameters

of the model.

R-parity violating decays

When the ¢ decays via couplings the assumption of a Y? can be dropped, and
final states containing only [SM|particles become possible. As discussed in Section
models with spontaneously broken U(1)p_; symmetry predict the two-body decay of
the 7 into a bottom quark and a lepton (see Equation where the preferred lepton
flavour is related to the neutrino mass hierarchy. This signal, shown in Figure
yields two b-/ pairs with invariant mass peaking at m;, and is targeted by the analysis
presented in Chapter|7]
Finally, an alternative coupling predicts the prompt decay of the  into a pair of
quarks:

t— qq (5.6)

The corresponding diagram is shown in Figure and the analysis is particularly chal-
lenging due to the overwhelming multi-jet background at the
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Figure 5.7:[RPV|decays of the # into a b-¢ pair (a) and two quarks (b).

Present status of ATLAS searches for third generation squarks

The signal models described in the last paragraphs have been targeted by several[ATLAS]
analyses, which used data from all the past runs of the The most recent results, in-
cluding those presented in this thesis, are based on the 2015+2016 dataset, which is
discussed in detail in Section In the absence of discoveries, strong exclusion limits
have been set on a variety of models, including third generation squarks, using the
statistical tools described in Section[5.4]

Figure [5.8 shows the present status of the exclusion limits on # pair-production in the
mg-myo plane, where the X! is assumed to be the only particle produced by the
decay of the squark, and the relevant final states are those described in Figure The
plot is available in the public webpage of the Collaboration [[190]], and is pro-
gressively updated to include the results of the new searches. The limits are particularly
stringent for large Am/(t, ¥}), where the  is excluded up to approximately 1 TeV, but
lighter squarks are still permitted in the compressed region of the mass plane. The fact
that the limits are weaker in the compressed mass region is a recurrent feature in various
searches, because signals with small mass splittings generate decay products with
low transverse momenta, that are more difficult to separate from the [SM]backgrounds.
In addition to the limits in Figure the public webpage [190] presents the results of
the analyses that target different types of modes, including those with more neutralinos
or charginos in the decay chains, or those where decays of the squarks are consid-
ered. A detailed discussion of the constraints on the signal models studied in this thesis

is provided in the individual analysis chapters (Chapter [6] and [7).
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Figure 5.8: Summary of the exclusion limits of the ATLAS|searches for # pair production
in the m;-myo plane, based on the analysis of 36.1 fb~! of proton-proton collision data
at /s = 13 TeV [190]. The decay channels described in Figure [5.4)are considered.

5.1.4 Other SUSY searches

The physics programme of the |[ATLAS| Collaboration is organised to cover a wide vari-
ety of signal models, in addition to the third generation signals discussed in the

previous paragraphs. The most relevant classes of searches are briefly described below:

Gluino production The direct production of gluinos (g) benefits from relatively large
cross sections compared to other |SUSY|processes, as already shown in Figure
The summary of the present constraints on g pair production is shown in Figure[5.9]
in the mg-myo plane for different benchmark models, where the g decays into a X}
either directly or through intermediate states, including third generation squarks.

The limits on m; are already extending beyond 2 TeV for specific signal models.

Electroweak production Dedicated searches are performed to target the direct pro-
duction of neutralinos, charginos and sleptons, which is regulated by the elec-
troweak interaction. The cross sections are generally smaller compared to pro-
cesses mediated by the strong force, especially when the production of sleptons is

considered. Significant differences are also present depending on the flavour com-
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Figure 5.9: Summary of the exclusion limits on g pair production in the mg-myo plane
for various simplified models where the § decays into the x{ either directly or through
a cascade chain that includes other [SUSY|particles with intermediate mass [[190]].

position of neutralinos and charginos, with H-like states more suppressed com-
pared to W or B-like ones [179]. Figureshows the present exclusion limits on
X pair production or associated production of ¥J and ¥ under the assumption of
TW-like cross sections, with decays mediated byvector bosons. The constraints

are strongly model dependent, and a general overview of the results is available in

the [ATLAS]|public webpage [190].

RPV and long lived particles The characteristic signature of models con-
sists in the direct decay of gluinos, third generation squarks or electroweakly pro-
duced particles into[SM| objects, resulting in events with no real £} (unless neu-
trinos are produced in the final states). An additional class of models is obtained
by dropping the assumption that[SUSY|particles (with the exception of the LSPs|in
models) are promptly decaying, which is used in all the analyses presented
in the previous paragraphs. The production of long lived states results in char-

acteristic experimental signatures in the detector, that require dedicated analysis
techniques. The present status of the[ATLAS|searches for[RPV]and long lived
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Figure 5.10: Summary of the limits on Y, ¥; and X Y3 production with decays mediated
bybosons, in the (gt 59) MR plane [[190].

particles is summarised in the public webpage [190]], where a variety of relevant

results are collected.

5.2 Backgrounds and Monte Carlo samples

As discussed in Section the experimental signature of third generation squarks is
similar to a variety of[SM|processes with significantly larger cross sections. The accurate
modelling of these backgrounds is hence essential to implement robust physics analyses
that are able to target the desired signals. In particular, the definition of Signal Regions
(see Section requires an accurate knowledge of the kinematical properties of both
signals and backgrounds, and the final sensitivity of the searches depends on the ability
to estimate the leftover backgrounds with high accuracy. This section is dedicated to a
discussion of the properties of the most relevant backgrounds in together
with a description of the samples that are used to model them in the analyses.
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5.2.1 Background processes

The main sources of background, whose relative importance depends on the spe-
cific selections of each analysis, are described in detail the list below, which includes

information about their properties obtained from the Particle Data Group [191]:

Z + jets The associated production of Z bosons and jets is a relevant source of back-
ground in O-lepton plus EX or 2-lepton final states, due to the Z — vv decay
(with BR| ~ 20%) and the Z — (¢ decay (¢ = e, u, 7, with total BR|~ 10%). On
the contrary, the Z — ¢q decay, which occurs with the largest(N 70%), gener-
ates a pair of quarks with relatively low boost, yielding a fully hadronic final state
which is covered by the dominant multi-jet background and hence is not relevant
for third generation [SUSY|searches. The simulated Z events are classified at truth
level based on the flavour of the hadrons produced in association with the vec-
tor boson: the mutually exclusive b-filtered and c-filtered sub-samples are defined
as containing at least one b-hadron or c-hadron (and no b-hadrons), while the re-
maining events with no heavy flavour hadrons are included in the light-filtered
sub-sample. Since both analyses in this thesis select events with b-tagged jets, the
Z +jets background is generally dominated by the b-filtered category, whose cross
section predicted by the current simulations was found to be under-estimated
in previous analyses [192]. A diagram corresponding to the production of a Z
boson and a bottom quark pair is shown in Figure

W + jets Similarly, the production of W bosons and jets yields a relevant background in
many [ATLAS| analyses, especially when final states with 1 lepton are considered,
due to the W — (v decay (¢/ = e, u, ) which happens with a total of ~
32%. The dominant W — ¢’ decay yields a multi-jet final state, which is again
irrelevant for the analyses in this thesis. Similarly to Z+jets, W +jets events are
also divided in the b, c and light-filtered categories, and the relative impact of the
former is enhanced when b-tagged jets are required. Figure shows a diagram
corresponding to the associated production of a W boson and a bottom quark pair,

closely resembling the Z boson one.

Top pairs A major background process at the[LHC]is the pair production of top quarks,
already introduced for the b-tagging performance studies in Section The
dominant ¢t — Wb decay, with ~ 99.8% yields two b-jets and two oppositely
charged W bosons that further decay as described above, yielding 0O-lepton, 1-
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Figure 5.11: Diagrams for the associated production of a pair of bottom quarks and a Z

(a) or W (b) boson, and for the pair production of top quarks (c) at the
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Figure 5.12: Diagrams for the production of a single top quark at the , in the s-
channel (a), t-channel (b) and Wt channel (c).

lepton and 2-lepton final states with 45.7%, 43.8% and 10.5% BRs respectively.
The diagram corresponding to the semi-leptonic decay scenario is shown in Figure

Single top While top quarks are mainly produced in pairs, the single production is also
possible at the the corresponding [LO|diagrams are shown in Figure and
are referred to as s-channel, t-channel and Wt channel. The latter case is generally
the most relevant for third generation analyses, due to the presence of an

extra W boson in the final state.

Top pair plus X The pair production of top quarks can also happen in association with
an extra boson in the final state, that can be a vector boson (v, W or Z) or a Higgs

boson. Despite the lower cross section with respect to the processes considered so
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far, tt+ X production can be a relevant background for third generation mod-
els, especially in the case of t/1V and ¢tZ for which the cross section is relatively

larger.

Di-bosons Another set of processes with low cross section but signal-like properties
is the di-boson production, where pairs of vector bosons can appear in different
combinations and the most relevant cases are WW, W Z or ZZ. Final states with
variable lepton and jet multiplicities are obtained when different decays of the

bosons are considered.

Multi-jet The majority of proton collisions at the yield fully hadronic final states,
which result in multi-jet events with no prompt leptons or invisible objects. These
events may assume signal-like properties as a result of the mis-reconstruction of
isolated leptons, or due to large measured values of the EX*'* from detector resolu-
tion effects. While the probability of observing these circumstances in individual
multi-jet events is low, the large overall rate of the process implies that a non-

negligible net contribution may be found in the relevant channels of the analysis.

5.2.2 Monte Carlo samples

Signal and background processes are simulated through the procedures described in Sec-
tion and samples are employed for all of them with the exception of multi-jet
production, which is estimated in the analyses using dedicated data-driven techniques.
The details of the generators and the associated settings are included in Table

and a brief summary is provided below for the relevant physics processes:

Signal samples The benchmark models are generated using MadGraph [125] at
and interfaced to Pythia [[123]] for the modelling of [PS| hadronisation and un-

derlying event.

V +jets The associated production of W or Z bosons and jets is simulated with Sherpa
[127], including jets from the hadronisation of b and ¢ quarks. The [MEs| are cal-
culated for up to two additional partons at and four partons at and the
matching is performed using the Sherpa [PS| generator [128]. The simulations are
split in b, ¢ and light-filtered samples, and a larger amount of statistics is gen-
erated for the b-filtered ones, that are particularly relevant in the regions of phase

space selected by the analyses in this thesis. A further splitting is implemented by
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selecting sub-samples of events with different ranges of a kinematical variable de-
fined as the maximum between H and the pr of the boson, and the sub-samples

containing more boosted particles are simulated with higher precision.

Top production The ¢ and single top processes are simulated at[NLO|with the Powheg
event generator [[126]], using Pythia [[122] for the[PS| The events are retained only if
they contain at least one leptonically decaying W boson, while the fully hadronic
decays are removed because they are a negligible source of background in the[SUSY]
analyses. In addition, a dedicated slicing is implemented using E* and Hr as
filtering variables, in order to populate the tails of the associated distributions with

sufficient [M{ statistics.

Other backgrounds The production of top quark pairs plus electroweak vector bosons
(W, Z) or Higgs bosons is simulated at[NLO|using MadGraph and Pythia. Diboson

processes are instead simulated with Sherpa, similarly to the V +jets samples.

For all samples described above, with the exception of those generated with Sherpa,
the EvtGen program [[168]] is employed to simulate the decays of b and ¢ hadrons, while
pileup is simulated with Pythia by overlaying additional pp collisions to the hard scatter-
ing events. The interaction of the particles in the final state with the detector is simulated
with Geant4 as described in Section[3.1.3] using a full simulation for the background pro-
cesses and an AF2 simulation for the signal samples.

Finally, additional samples are generated to estimate the theoretical uncertainties asso-
ciated with the configuration of the simulations. These include variations of the
renormalisation, factorisation or matching scales, different sets or hadroni-

sation models, as described in Section[5.3.4

5.3 Analysis strategy

The analyses in this thesis are based on a cut and count strategy, where events are se-
lected according to the experimental signature of the targeted signals and a dedicated set
of discriminating variables is employed to define signal-enriched regions with reduced
levels of background. The relevant observables of the analyses are the number of
events passing each selection, and their values are predicted for both signal and back-

ground processes using[MC|samples, data-driven techniques or combinations of the two.

'The Hr variable is defined as the scalar sum of the pr of all jets in the event.
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Process ME| IPS UE tune IPDF Cross section
Signal MadGraph 2.2.3 Pythia v8.186 Al4 NNPDF2.3 INLOHNLL
tt Powheg v2 Pythia v6.428  P2012 CT10 INNLOHNNLL
Single top (s, Wt) Powheg v2 Pythia v6.428  P2012 CT10 INNLOMHNNLL
Single top (%) Powheg v1 Pythia v6.428  P2012 CT10 INNLOHNNLL
W/Z+jets Sherpa 2.2.1 Sherpa 2.2.1  Default NNPDF3.0 INNLO
Diboson Sherpa 2.2.1 Sherpa 2.2.1  Default NNPDF3.0 INLO
tt+W/Z MG5_aMC@NLO 2.2.3  Pythia v8.212 Al4 NNPDF2.3 INLO

Table 5.1: Details of the [MC|simulations used for each physics process.

This section introduces the general strategy of the analyses in Chapters[6|and[7] together
with a description of the common technical aspects. These include the data sample, the
trigger and event cleaning selections, the definition of physics objects and experimental
quantities in the events with the related performance corrections in and the dom-
inant sources of systematic uncertainties. In addition, the standard strategies for the
definition of Signal Regions and the estimation of the leftover backgrounds are

outlined.

5.3.1 Data sample and event selection

The analyses presented in this thesis are based on proton-proton collision data at y/s =
13 TeV collected by the detector during 2015 and 2016. The dataset corresponds
to an integrated luminosity of 36.1 fb~!, computed after requiring a standard set of data
quality criteria as introduced in Section The measured value of the integrated
luminosity carries an uncertainty of 3.2%, derived through a procedure similar to the
one described in Ref. [[193] using x-y beam separation scans performed in August 2015
and May 2016. The average pileup parameter p is 13.7 in 2015 and 24.9 in 2016, where
a higher instantaneous luminosity was reached (see Section [2.1.4).

Due to the different operating conditions of the experiment in 2015 and 2016, a variety
of selections are applied differently in the various periods of the data taking, including
trigger requirements and calibration parameters. Since the same samples are used
for all periods, the simulated events are assigned a random number that identifies a given
run, allowing to associate them with specific periods of operation so that their

parameters can be modified consistently with what is done in data.
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Triggers

As discussed in Sections and [3.2.1} events are recorded by the [ATLAS| detector if

they satisfy the requirements of pre-defined trigger selections based on the presence of
specific objects or features in the events. The analyses in Chapters |§] andemploy s
triggers in O-lepton events, single electron or muon triggers in channels with one or
more leptons, and single photon triggers when the presence of a photon is required. The

detail of the trigger chains that are used is given below:

E=s triggers The online requirement on the E}¥™* is applied using different energy
thresholds depending on the period of data taking. In 2015 data, events are se-
lected by reconstructing the £ from an input jet collection and requiring that
its measured value exceeds 70 GeV. During the 2016 operation, a similar algorithm
is employed but the energy threshold is progressively increased to 90, 100 and 110
GeV due to the higher instantaneous luminosity, that has a significant impact on
the trigger rate. As already seen in Figure these triggers reach their efficiency
plateau above offline £ values of approximately 150 — 200 GeV.

Single electron triggers Inboth 2015 and 2016 data alogic OR of three different chains
is used to select electron events at trigger level. The first chain includes an isola-
tion requirement, which allows to keep a low energy threshold of 24 GeV in 2015
and 26 GeV in 2016, where tighter identification and isolation selections are also
applied. In the second chain the isolation requirement is dropped to reduce effi-
ciency losses at high Er, and the energy threshold is raised to 60 GeV (constant for
the full dataset). Finally, the third chain has looser identification requirements and
a higher energy threshold of 120 GeV in 2015 and 140 GeV in 2016. The efficiency
plateau is reached by selecting offline electrons with pp > 27 GeV.

Single muon triggers Similarly, events with muons are selected with an OR of two
chains, where the first has a lower energy threshold and an isolation requirement.
The first chain has an energy threshold of 20 GeV in 2015 and 26 GeV in 2016,
where a tighter isolation selection is also included, while the second chain has a
threshold of 50 GeV in the whole dataset. The trigger is fully efficient for offline

muon selections with pp > 27 GeV.

Single photon triggers Events with photons are selected using a dedicated chain with
energy threshold of 120 GeV in 2015 and 140 GeV 2016. An offline selection of
photons with pr > 145 GeV is applied to ensure that the trigger is fully efficient.
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Event cleaning

A set of event-level cleaning selections are applied in both data and samples to re-
move events where pathological behaviour is observed. A first essential requirement is
the presence of at least one @ in the events, with a minimum of two associated tracks
with pp > 400 MeV. In addition, data events in which the electromagnetic or hadronic
calorimeters are flagged to be in error state are removed from the analysis, and a similar
veto is applied in case of single event upsets in the

Further cleaning selections are applied if poorly reconstructed jets or muons are identi-
fied through standard criteria. Events with bad jets (as defined in Section [3.2.5)
passing the |Overlap Removal (OR) selections (see Section are removed from the

analysis. In addition, a similar veto is applied if baseline muon candidates with relative

uncertainty on ¢/p larger than 20% are found before the [OR] or if a muon with cosmic-

like properties survives the [OR]

5.3.2 Object definition

In each event, the definition of physics objects for offline analysis is performed by em-
ploying the reconstruction algorithms described in Section that are standard tools
within the Collaboration. While minor differences are present between differ-
ent searches, including those in Chapters [6]and [7] it is convenient to present the object
definition in the present paragraph, highlighting the specificities of each analysis when
necessary.

A common approach followed by many [SUSY|searches is to define two categories of re-
constructed objects in the events, referred to as baseline and signal objects. The former
type is identified by a minimal set of conditions applied to the outputs of the reconstruc-
tion algorithms, to obtain a complete sample of candidates for each physics object, while
the latter is selected by applying tighter requirements on the baseline object collections
in order to reduce the background contamination.

As illustrated by the scheme in Figure the baseline object collections are used as
inputs of an[OR|procedure, which is introduced to solve potential ambiguities caused by
the presence of close-by objects in the detector, or single physics objects reconstructed
in different ways. This may occur, for example, if a lepton is produced within the cone
of a b-jet, or if an isolated electron is identified also by the jet reconstruction algorithm.
Signal objects are hence defined as the subset of baseline objects which pass the [OR|se-

lection and satisfy an additional set of analysis-dependent criteria.
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Figure 5.13: Scheme of the strategy used to define the relevant sets of physics objects

in each event, in the simple case where only electrons, muons, jets and b-jets are recon-
structed. The baseline collections are formed using the object reconstruction algorithms
introduced in Section and a loose set of selections, while the associated signal collec-
tions are obtained by applying tighter requirements on the baseline objects, including
the[OR|selection described in Section[5.3.2] In the analysis channels requiring the recon-
struction of photons, the corresponding baseline and signal collections are also defined,

and baseline photons are included in the @ procedure.

The [OR| proceeds through the following sequence:

1. The overlap between electrons and jets within AR < 0.2 is solved by removing
the jets, unless they are b-tagged, in which case the electrons are removed because

they are likely to originate from a b-hadron decay.

2. Leptons within AR < 0.4 from a jet are removed, except if the jets have less than

3 tracks and are overlapping with muons, in which case they are removed instead.

3. If photons are included in the [OR| procedure, they are removed when they are
within AR < 0.4 from electrons or muons, while jets within AR < 0.4 from a

photon are removed.

In the analyses in Chapters [6] and [7] the [OR|is performed in the simple version with no
photons, with the exception of the data driven estimate of Z+jets events discussed in
Section [6.3.2] where photon events are used and the [OR]is modified accordingly.



111 5.3 Analysis strategy

The detailed definition of baseline and signal objects used for the two analyses is pro-

vided below:

Electrons The baseline electron collection is defined by requiring pr > 10 GeV,

nl <
2.47 and loose identification [[135//140,141]]. Signal electrons are further required to

pass the[OR|and satisfy additional impact parameter cuts (|dy| /04, < 5, |20|sinf <
0.5), tight identification and loose isolation. The pr threshold for signal electrons
depends on the analysis: it is 20 GeVE] for the search in Chapter |§] and 40 GeV for

the one in Chapter [7]

Muons Baseline muons are reconstructed using the combined reconstruction chain (see
Section [3.2.4), and are required to pass a medium track quality requirements [[143]
and to satisfy pr >10 GeV and || < 2.5. Signal muons are then selected after
the [OR| with pr > 20 GeVf}} after applying impact parameter cuts (|do|/0q, < 3,
|20 sin @ < 0.5) and loose isolation selections. Finally, cosmic muons are defined
through impact parameter selections (|zp| > 1 mm or |dy| > 0.2 mm) and are used

for event cleaning purposes.

Photons Reconstructed photons are not used in the main channels of the two analyses
in this thesis, but they are employed for an alternative estimate of the 7 — vv
background in the b analysis (Chapter @) Baseline photons are selected with pp >
10 GeV and || < 2.37 (whilst being outside the 1.37 < |n| < 1.52 range), and must
satisfy the tight photon shower shape and electron rejection requirements [137].

Signal photons are further required to have pr > 145 GeV and to be isolated.

Jets Hadronic jets are reconstructed using the anti-kr algorithm seeded by topological
clusters, with cone size parameter R = 0.4. Baseline jets are selected with pp > 20
GeV and || < 4.8, while signal jets are required to pass the|OR] have || < 2.8 and
satisfy requirements to suppress pileup (see Section [3.2.5). The signal jet pr
threshold is 20 or 35 GeV in the analysis in Chapter [6|(depending on the channel)
and 60 GeV in the analysis in Chapter

b-jets The identification of b-jets is based on the MV2c10 algorithm and uses the 77%
fixed cut[WP|as described in Chapter [4 The pr threshold of signal jets is applied

?In events selected with a single electron trigger, the offline electron with highest pr is required to

have pr > 27 GeV to reach the efficiency plateau.
*Similarly to electrons, also signal muons are required to satisfy pt > 27 GeV in events triggered by

single muon chains.
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also to b-jets, while the pseudorapidity range is reduced to || < 2.5.

Missing transverse momentum The EX* is reconstructed through the procedure
described in Section|3.2.7| using as inputs the baseline objects described above, in-
cluding photons. Hadronically decaying 7 leptons are not explicitly reconstructed,

so they enter the computation with the standard jet calibration.

5.3.3 Monte Carlo corrections

A dedicated set of weights are applied to the simulations in order to match the
distributions of specific performance parameters in data. These include online and offline
already introduced in Chapter 3| and ad-hoc reweighing procedures used to ensure
that given quantities (such as the pileup parameter ) are equally distributed in data and
samples. The following list describes the weights used for the analyses in this

thesis:

b-tagging SFs In order to calibrate the performance of the MV2c10 algorithm, as dis-
cussed in Chapter[4] efficiency scale factors are defined separately for real b, ¢ and

light jets:

Edata

Si
MC
€;

SF, = i=b,c,l (5.7)

and the corresponding inefficiency scale factors for non b-tagged jets are also de-

fined:
1— Edata
SFz = 1—ZI\/IC’ 1= b7 C, l. (58)

The above [SFs|are jet-based quantities, and their values depend on the kinematics
(pr and 7) of the jets. The total event-level weights are obtained as the product of
the individual [SFs|for all jets to which the b-tagging decision is applied.

JVT SFs Additional[SFs|are used to calibrate the performance of [VTI]in signal jets, based
on the same definition of the b-tagging [SFs| described above.

Lepton offline SFs Efficiency are also obtained for offline electrons and muons

in the events, as anticipated in Sections [3.2.3| and [3.2.4] Electron are com-

puted separately for the reconstruction, identification and isolation steps, while

for muons the reconstruction and isolation are employed.

Lepton trigger SFs The performance of the lepton triggers is calibrated using dedi-
cated that are obtained for both single electron and single muon chains. In
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events where at least one signal lepton is present, the total trigger efficiency is
computed as the probability that at least one of them has fired the corresponding
trigger:

Etrig =1- H(l — Ei) (59)
where ¢; is the trigger efficiency corresponding to the lepton ¢. The trigger effi-
ciency [SH for each event is hence obtained as:

G | U
A T -4

trig

SF iy = (5.10)

where only trigger-matched leptons are considered.

Pileup weight Finally, an event-level weight is employed to correct the distribution of
the pileup parameter p in the samples, matching it to the one observed in the
2015+2016 dataset. The impact of the reweighing is expected to be negligible if

the selections of the analysis are not sensitive to pileup.

5.3.4 Systematic uncertainties

In addition to the object definition described in the previous paragraph, it is useful to
present an overview of the sources of systematic uncertainty that are relevant for both
analyses in this thesis, as well as for several other searches in The list of ex-
perimental uncertainties is only partially overlapping with the one presented in Section
for the b-tagging performance studies, where tracking and jet related effects are in-
cluded. In particular, the tracking uncertainties are not evaluated directly in the physics
analyses, but their effects are implicitly taken into account by applying higher-level sys-
tematics associated with reconstructed objects or quantities in the events. In addition to
the experimental effects, the modelling of signal and background processes introduces
more sources of systematics, referred to as theory uncertainties, that are particularly
relevant for the majority of searches.

Similarly to what was done in Chapter |4} the systematic uncertainties are implemented
by moditfying the samples according to the expected variations of the relevant quan-
tities. The full list of systematics is presented in the next paragraph, describing separately

the experimental and theoretical contributions.
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Experimental systematics

The following experimental uncertainties are considered for the analyses in Chapters []

and[Z}

JES and JER The uncertainties on the Jet Energy Scale and Resolution (JER), al-
ready introduced in Section[4.1.3] are implemented with the same procedure in the
physics analyses. The impact of the[JES|uncertainty is evaluated using a set of three
uncorrelated variations, as detailed in Ref. [[175]], while for the JER uncertainty the

variation of a single parameter is sufficient [[176]).

JVT The pr-dependent[JVT]scale factors are modified within the uncertainties, obtained

from dedicated measurements in Z — uu events [[154].

b-tagging The uncertainties on the performance of the MV2c10 algorithm are imple-
mented by modifying the nominal values of the efficiency based on the re-
sult of data-driven calibration measurements and on the studies described in
Chapter[4] The variations are applied separately to b-jets, c-jets and light jets, with
flavour determined from the truth information in the samples. The following

four independent contributions are evaluated:

b-tagging efficiency uncertainty measured in ¢¢ events [[162].

c-tagging efficiency uncertainty from leptonic W events [163].

« Mis-tag rate uncertainty from a negative-tag method [164].

Uncertainty on the tagging efficiency of high-pr jets based on the studies in

Chapter (4] referred to as extrapolation uncertainty.

Lepton and photon reconstruction The uncertainties on the calibration of the en-
ergy or momentum of leptons (electrons and muons) and photons, as well as on
their energy or momentum resolutions, are implemented by varying the four-

vectors within the measured variations [136}/143]].

Lepton and photon efficiency The efficiency associated with the reconstruction
and calibration of leptons and photons are also modified within their expected
uncertainties, based on the results of the corresponding performance studies [[136)
139,[143)).



115 5.3 Analysis strategy

Trigger efficiency Similarly, the trigger efficiency are also carrying experimental
uncertainties, that are implemented using the results of the dedicated measure-

ments [94].

Missing transverse momentum The above systematic uncertainties on the physics
objects are propagated to the £, which is rebuilt using the modified input four-
vectors. In addition, further variations are introduced to take into account the

uncertainty on the track-based soft term described in Section [3.2.7]

Pileup The uncertainty on the total inelastic cross section of proton-proton collisions
(of the order of 10%) affects the expected number of soft interactions in each event,
and is hence propagated to the distribution of the pileup parameter x4 in the
samples. In the analyses, a systematic uncertainty on the pileup weights
introduced in Section is hence obtained by recomputing the weights using
these modified p profiles.

Luminosity The luminosity of the 2015+2016 dataset carries a 3.2% uncertainty [[193],

which is also taken into account in the analyses.

Theory systematics

The uncertainties on the modelling of signals and backgrounds are taken into account

by adopting dedicated strategies for each process:

V + jets The uncertainties on the production of vector bosons and jets are estimated
by varying the Sherpa parameters related to the factorisation, renormalisation, re-
summation and matching scales, combining the individual variations into
a total theoretical uncertainty. In addition, an extra 40% uncertainty is assigned to
the heavy flavour jet content in the W +jets background by varying independently
the normalisation of event samples with c-jets or b-jets, based on the results in
Ref. [194].

Top production The theory systematics on the ¢¢ and single top (Wt) backgrounds are
evaluated as the difference between the predictions of the nominal[MC|samples de-
scribed in Section and those of alternative samples with different generators
or parameter settings. A first uncertainty concerns the amount of extra radiation
emitted by the initial and final state of the scattering process, and is estimated us-

ing modified parameters in the nominal Powheg+Pythia generator. In parallel, the
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hadronisation and [PS|uncertainties are obtained by comparing the nominal yields
with those of alternative samples generated with Powheg and showered with
Herwig, while the uncertainty on the event generator is estimated by comparing
the above Powheg+Herwig sample with an alternative MadGraph+Herwig one.
Finally, an extra source of uncertainty comes from the combined modelling of the
tt and Wt processes, that are sharing the same final states and are hence subject
to quantum mechanical interference effects. This is estimated using dedicated [LO|
samples of tt, Wt and inclusive WW bb production generated with MadGraph, by
comparing the sum of ¢¢ and Wt with the WTVbb predictions.

Dibosons and top pair plus W/Z The uncertainties on diboson and t¢ + W/Z back-
grounds are estimated by modifying event generator parameters related to the
factorization, renormalization, resummation, and matching scales, simi-
larly to what done for the W/Z samples. Additional uncertainties on the cross

sections are also considered, measuring around 6% for dibosons [195] and 13%
for tt + W/Z [125].

Signals The theory systematics on the signal samples are calculated for each
model. They are generally dominated by the uncertainties on the choice of the

PDF set and on the renormalisation and factorisation scales [179].

Monte Carlo statistics Due to the finite size of the]MC|samples, the rates of the physics
processes are predicted with finite precision. The impact of the uncertainty on
statistics is particularly important when extreme regions of phase space are
selected, as it often happens inanalyses, and is relevant both for the nominal

samples and for the samples that are used to estimate the theory systematics.

5.3.5 Signal Regions

A crucial step of the cut and count analyses is the optimisation of Signal Regions
which aims at enhancing the signal yield with respect to the dominant background
sources. As a preliminary step, a basic selection of candidate events is performed by
applying trigger and event cleaning cuts as described in Section and by requiring
the presence of a relevant set of physics objects based on the experimental signature
of the targeted models. For example, in order to isolate the signal in Figure
(which is the target of the analysis in Chapter[7) it is reasonable to select events that pass

a lepton trigger requirement and have a minimum of two jets and two isolated leptons.
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Once the events with signal-like properties are identified, additional selections must be
applied to suppress the leftover backgrounds whilst retaining the largest possible frac-
tion of signal. This is done using dedicated sets of discriminating variables with differ-
ent distributions in signal and background, that are strongly analysis-dependent and are
hence not discussed in the present chapter.

The optimisation of SRl selections is performed by maximising the value of a figure of
merit that represents the discovery significance of the signal model of interest (see Sec-
tion[5.4.2). A variety of definitions of the significance are possible [196]], and the analyses
in this thesis employ the Zy formula [197]], which is implemented in the RooStats pack-
age [198]] of ROOT [199]. Alternatively, the following simplified expression can be used:

7 - Nsig
\/kag + (Ubngbkg)2

where N, and Ny, are the signal and background yields, and oy, is an assumption

(5.11)

on the relative systematic uncertainty on the background. Equation is useful to
understand intuitively the essential properties of the significance, that can be expressed
as the ratio of the signal yield in the SR/ and the total uncertainty on the background,
defined as the sum in quadrature of the Poisson error \/Wkg and the expected systematic
uncertainty opig Npkg-

The above considerations serve as general guidelines for the definition of the in the
analyses in Chapters[6|and[7] which is done following the procedure described below:

1. A preliminary event selection is applied according to the basic experimental sig-

nature of the targeted signal models.

2. A set of signal models with fixed masses of the particles is chosen as bench-
mark for the |SR| definitions. Typically, each of these benchmark signals is repre-
sentative of a subset of the targeted models which yields events with similar

kinematical properties.

3. A set of discriminating variables providing a good separation between signal and
background processes is identified. For each of them, a range of potential |SR| cut
thresholds is chosen by comparing the kinematical distribution of the variable in

signal and background events.

4. For every signal benchmark model, several possible [SR| definitions are tested by

performing a multi-dimensional scan of selections on the discriminating variables,
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varying the cut thresholds within the ranges determined in the previous stage.
Each combination of cuts yields a different value of the discovery significance,
which is computed using the signal and background yields predicted by the
samples together with an estimate of the size of the systematic uncertainty on the

background prediction.

5. The optimal [SR|definitions are chosen by selecting the combinations of cuts which

maximise the discovery significance in each scan.

Finally, it is important to mention that the analyses are performed following a
blinding procedure, which consists in hiding the number of observed events in the SR
until the selections are properly optimised and a robust background estimation strategy
is in place. This is done to prevent the analysers from being biased during the defini-
tion of the search strategy, and is a widely adopted standard in the high energy physics

experiments.

5.3.6 Background estimation

In order to determine the background yields in the[SRs|without relying exclusively on[MC]
simulations, a semi data-driven method based on the definition of|Control Regions (CRs)
is implemented in several analyses, including those presented in this thesis. The
CRs|are defined as orthogonal selections to the such that their event yield is dom-

inated by a specific background process and the signal is instead strongly suppressed.

A normalisation scale factor for each relevant background is derived by rescaling the
expected M yield to the observed number of data events in the corresponding and
the rate prediction in the[SR|is rescaled accordingly. In a simplified case with one[SR]and
one [CR|with 100% background purity, the expected background yield in the[SR/is given

by:
Vi
N&w

where the parameter 4 is the normalisation scale factor described above. Alternatively,

exp MC —
NSR = pmc - Ngr7, n=

(5.12)

the[SR]yield can be expressed as a function of the number of observed data events in the
and the Transfer Factor (T'F):

Nl = TF - N&u», TF =

(5.13)

where it is shown explicitly that the result relies on the simulation only for the com-
putation of the ratio between the [SR| and [CR| predictions. As a direct consequence, the
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total uncertainty on Ngy' is determined exclusively by the Poisson error on N and

by the uncertainty on the extrapolation from the [CRlto the |SR| while any variation
in the absolute normalisation of the sample (which may be due, for example, to the
uncertainty on the cross section of the physics process) has no impact on the final back-
ground estimate.

In realistic physics analyses, multiple background processes are normalised in an inde-
pendent set of mutually exclusive and the background purity in each cannot
reach 100%. The expected values of the normalisation factors can be computed by solv-

ing a system of equations with n free parameters and constraints:

data __ MC,1 MC,2 MC,n
Neki = mNegy + peNegy + -+ #nNeg i

MC,1 MC,2 MC,n
N&Rs = mNcgs + peNegy + -+ tnNegs (5.14)

data __ MC,1 MC,2 MC,n
Nekn = tiNegn + HeNegn + -+ #nNegy

where 4i; is the normalisation factor of the process ¢, Né/lfg Jl is the yield of the pro-
cess ¢ in the |CR| j and NgaRti is the number of data events in the [CR|£. In practice, the
1 values are determined through a dedicated statistical procedure known as parameter
estimation, described in detail in Section|5.4

The accuracy of the background estimation strategy is verified in a dedicated set of

ldation Regions (VRs), where the signal contamination is required to be low and the data

are expected to match the predictions within uncertainties. As illustrated in Figure
the are generally designed to lie within the [CRHSR| extrapolation region, in or-
der to assess the impact of any source of bias that may affect the transfer factors defined
in Equation|5.13

The agreement between data and predictions in the is a necessary condition to re-
move the blinding constraint introduced in Section from the of the analysis.
Once this is done, the signal is expected to appear as an excess of events in the [SRs|with
respect to the background only hypothesis, with no corresponding effect in the

5.4 Statistical analysis

The previous two sections have presented the general structure of the cut and count anal-
yses of Chapters [6] and [7] that are based on the definition of different types of regions
where the relevant signal and background parameters are measured. While a basic as-

sessment of the value of the parameters can be obtained by solving systems as the one in
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Figure 5.14: Scheme of the general structure of a cut and count analysis, where a set of
[CRs| [VRs| and [SRs| are defined using two observables [200]. The individual regions are
required to be mutually orthogonal, and the are located in an intermediate position

to verify the quality of the extrapolation.

Equation [5.14] the extraction of quantitative results requires appropriate statistical tools
that take into account the inherent uncertainties. The analyses in this thesis employ two
types of statistical procedures, known as parameter estimation and hypothesis testing:
the former allows to measure a set of parameters from the input dataset, while the lat-
ter is used to verify the compatibility of specific models (hypotheses) with the observed
data. Both procedures are implemented through the HistFitter framework follow-
ing a frequentist statistical approach, where the results of each analysis are interpreted

as one of an infinite set of possible outcomes of the same experiment.

5.4.1 Parameter estimation

One of the primary goals of the physics analyses in this thesis is the measurement of
the parameters through which the data in the [CRs| [VRs|and [SRs| are interpreted. These
include the normalisation factors sy, of the [SM] backgrounds (see Equation [5.12) and an

analogous quantity ys for the benchmark signal sample, commonly referred to as signal
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strength. The expected rate in any region X of the analysis can be predicted as:
Nx = usNe + Y iy N; (5.15)

where N] is the expected yield of the background process i and N is the expected sig-
nal yield, all determined from the corresponding simulations. In addition, a set of
extra nuisance parameters ¢ can be introduced to describe the impact of the systematic

uncertainties on both signal and background, modifying Equation as:
Ny = o1+ _0lod) + 3 i Ny(1+ ) 6/a)) (5.16)
J l J

where aéj and o7 are the relative variations of background and signal yields respectively
produced by the individual uncertainties. The above expression is configured such that
the nominal yields are obtained for f = 0, while § = +1 corresponds to the +1¢ varia-
tions. The O parameters can be common to many physics processes, for example when
representing an experimental uncertainty that applies simultaneously to all of them, but
they can also be related to single processes if they describe specific uncertainties such
as the theory systematics.

The values of the u,, p;, and @ parameters are extracted from data by constructing a
likelihood function L, which condenses the relevant information of the analysis into a
unique expression. The likelihood is a function of the set of free parameters to be mea-
sured, and is constrained by the observed number of events in the various regions of
the analysis. As discussed in Ref. [200], its general expression is the product of Poisson
distributions of event counts in the relevant regions (typically and/or and of

additional distributions that implement the impact of the systematic uncertainties:

L<N0bsa 00’,“57 My, 0) = PSR X PCR X Csyst = (517)
= H P(NPP|N;(pas, 1, 0)) x Ciyst(6°,0).

i€SR,CR

The Poisson factors in Equation reflect the stochastic nature of the event counts
in the and that are expressed as a function of the signal and background nor-
malisations ps and g, and the nuisance parameters 8, as described by Equation
The additional Cyys component is a function of auxiliary measurements 6, and nui-
sance parameters 8, which is introduced to constrain the systematic uncertainty in the
fit, penalising values of @ significantly shifted from 6. The constraint term Cgy; can be

implemented in different ways [200]], and a common choice is a unit Gaussian where the
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individual measurements ¢}, are set to 0, such that the fitted values of §° are expected to
be approximately 0 =+ 1, reproducing the expected size of the systematic uncertainties
through Equation

Once the likelihood function in Equation is built, the values of the parameters are
obtained by maximising it following the Maximum Likelihood Estimation (MLE) proce-
dure, illustrated in detail in Ref. [[201]].

5.4.2 Hypothesis testing

The ultimate purpose of the physics analyses is to determine whether the data indicate
or exclude the presence of a[BSM|signal. This is achieved through a statistical procedure
known as hypothesis testing [202], and is implemented by defining a null hypothesis HO
to be tested against an alternative H1. When targeting the discovery of a signal of new
physics, HO and H1 are chosen as the background only and the signal plus background
hypotheses respectively, while the roles are inverted when setting exclusion limits.

The hypothesis testing procedure is based on the definition of a test statistic ¢, a func-
tion of the observed data configured such that it assumes large values when the data are
incompatible with HO, following a probability distribution f(¢). In the frequentist ap-
proach, a standard way to determine the shape of f(¢) is to generate a large number of
pseudo-experiments (toys) in which the values of the observable quantities are randomly
generated under the HO hypothesis. Alternatively, for given types of test statistics and
under given assumptions on the size of the statistical samples, the distribution can be
obtained using asymptotic approximations [203].

Once the distribution f(t) is known, the hypothesis HO is tested through the computa-
tion of a p-value, which represents the probability of observing a larger incompatibility
of the data with the predictions in an infinite number of repetitions of the experiment

under the assumption that HO is valid. The p-value is computed as:

p= /OO Ft)at (5.18)

tobs

where the integral is taken from the observed value of the test statistic to infinity, as
shown in Figure For practical purposes, it is convenient to convert the p-value
into an equivalent significance Z, defined as the number of standard deviations o from
the mean of a gaussian distribution for which the integral of the tail of the curve is equal
to p:

Z =011 -p), (5.19)
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Figure 5.15: Graphical representation of a p-value (a) obtained from a test statistic ¢ for
a given signal strength . (see Equation [5.20) and of the corresponding significance Z
(b) [203].

where ®~! is the inverse of the cumulative distribution of the gaussian (see Figure
[5.15D). The threshold chosen by the particle physics community to declare a discov-
ery is a significance Z = 5 against the background only hypothesis, which corresponds
top = 2.87 x 1077, while Z = 3 (p = 0.0013) is regarded as evidence. Signal models
are instead excluded using p = 0.05 (Z = 1.64).

The Profile Likelihood Ratio

From the above discussion it is clear that the choice of the appropriate test statistic plays
a crucial role in the hypothesis testing procedure. The test statistics used by the
experiments are based on a|Profile Likelihood Ratio (PLR)| [202] obtained from the like-
lihood in Equation[5.17

~
~

As) = Li=:6) (5.20)

L(fis, 0)
where the vector @ includes the background normalisation factors and the nuisance pa-

A

rameters related to the systematic uncertainties. The denominator L(/is, 0) corresponds
to the absolute maximum of the likelihood function, while the numerator L (s, 9) is the
maximum for a given value of j;.

Equation implies that the range of A\ extends from 0 to 1, with larger values cor-
responding to a better agreement of the data with the p; hypothesis under test. A test

statistic with the range required by the definition of the p-value (Equation |5.18) can be
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defined as:
t, = —2InA(p) (5.21)

where larger values of ¢ correspond to a lower compatibility between the data and the
hypothesis.

Finally, two versions of the test statistic are defined to perform different types of test:

Test statistic for discovery The discovery of a new signal is targeted by testing the
background only hypothesis. This is done by using a function with ps; = 0,
with the following definition:

—2InA0) >0,
Qo = (5.22)
0 frs <0,

where ¢ is set to 0 for negative /i, to avoid the exclusion of the background hy-
pothesis if a deficit of events is observed in the A set of possible analytical
expressions of the discovery significance Z obtained from the above test statistic
are discussed in Ref. [204]], including the simplified expression in Equation

Test statistic for exclusion When targeting the exclusion of a signal model, the test

statistic is instead computed as follows:

_2111/\(,“5) /:Ls S Hs
G = ) (5.23)
0 fls > fhs -

where a non-zero signal strength 1, is assumed in HO.

Exclusion limits with the CL, method

A problematic feature of the exclusion test statistic in Equation is that it yields a
non-negligible probability of excluding signal models to which the analysis is poorly sen-
sitive. While qualitative arguments suggest that these models should not be constrained,
low p-values for the signal plus background hypothesis may indeed be obtained in case
of significant down-fluctuations of the observed events in the This pathological be-
haviour can be avoided by exploiting the fact that such signals yield similar distributions
of discovery and exclusion test statistics, defining an alternative figure of merit for the

exclusion [205] as:

CL, = —Pe= (5.24)
1—py
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where p, and p,,_ are the p-values of the background only and signal plus background
hypotheses, and the threshold for a Z = 2 (or 95% Confidence Level, exclusion is
CL;s < 0.05. In situations where the exclusion and discovery test statistics have similar
distributions, the numerator and denominator of Equation [5.24|are of the same order, so
the signals are not excluded as expected intuitively. Thanks to this feature, the CL; is
adopted by the experiments as the standard tool to set exclusion limits on signal

models.

5.4.3 Statistical tools in SUSY searches

In summary, the following statistical tools are relevant for the analysis presented

in this thesis:

Background only fit The background estimation strategy of the analysis, described in
Section [5.3.6 is based on the evaluation of the normalisation factors of the back-
grounds through the parameter estimation procedure described in Section[5.4.1} In
particular, a likelihood of the form of Equation [5.17]is built including all the of
the analysis, and is then maximised to determine the values of the normalisation
factors and of the nuisance parameters 6, taking into account the mutual correla-

tions. The fitted parameters are then used to compute the yield predictions in each

region using Equation

Discovery test The results in each [SR| of the analysis are interpreted by computing a
p-value for the background only hypothesis, following the hypothesis testing pro-
cedure presented in Section A[PLR/function is built from a likelihood which
includes all the and the relevant [SRlunder exam, where the yield predictions
are determined only from the processes (or, equivalently, where the signal
strength parameter s, is set to 0). The p-value and the associated significance are
then computed as the integral of the distribution of the test statistic ¢y (Equation
[5.22), using either toy experiments or the relevant asymptotic formula [203].

Limit setting If no excess is observed in the exclusion limits are set on a various
signal hypotheses using the CLs method (see Equation [5.24). This requires the
computation of the gy and g, test statistics (Equations and from the two
corresponding functions, constructed under the background only hypothesis
and for a given signal strength ;. The evaluation of the requires the min-

imisation of several likelihood functions, performed as usual with the HistFitter
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framework [200]: for this reason, in [ATLAS jargon the limit setting proce-

dure is often referred to as exclusion fit.
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6 | Search for bottom squarks with
two-body RPC decays

A major result of this thesis is the search for b pair production in two-body decay
scenarios, inspired by the naturalness arguments outlined in Section[1.3.3] As discussed
in detail in Appendix [A] during my PhD I contributed as main analyser to a first pub-
lication with 3.2 fb~! of data at /s = 13 TeV [206]] and to a subsequent publication
with 36.1 fb~! [207], which expands the first result thanks to the larger available dataset
and a more elaborated analysis strategy. The chapter focuses on the 36.1 fb~! analysis,
and begins by presenting the signal benchmark models of interest (Section [6.1) together
with an overview of the results from previous searches. The event selection techniques
are then discussed in Section[6.2] where the performance of the key discriminating vari-
ables on the signal and background processes is described in detail. Section |6.3| outlines
the background estimation strategy employed in the different channels of the analysis,
which includes a standard [CR-based approach and additional data-driven techniques,
while Section [6.4] present the full results of the search based on the statistical tools in-
troduced in Section[5.4]

6.1 Signal model

The analysis in this chapter targets the pair production of the superpartner of the bottom
quark, the 5 in natural scenarios, already introduced in Section The next para-
graph describes in detail the signals of interest (Section[6.1.1)), the simplified benchmark
models (Section[6.1.2) and the experimental constraints from previous searches (Section
6.1.3)).
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6.1.1 Bottom squarks in natural SUSY models

As introduced in Sections and naturalness arguments related to the Higgs hi-
erarchy problem constrain the masses of a subset of particles, including Higgsino-
like mass eigenstates, third generation squarks and gluinos, yielding the natural mass
spectrum shown in Figure The target of this analysis is a pair-produced b extracted
from the natural spectrum, with relevant decays into a stable \? or a
X1 The model is closely related to the Higgsino-like scenario presented in
Figure for the case of the ¢ pair production, but in the present analysis the pair pro-
duction of the b is assumed.

Similarly to what is done in many other searches, the signal is generated as a
simplified model which includes only the 1~), the )Zf and the )Z(f, while no additional
particles are considered. An assumption of negligible mass splitting between the
%} and the Y7, coherent with the natural spectrum, is implemented by setting
Am(X7,X}) = 1 GeV in the signal samples, such that the Y undergoes a prompt de-
cay into W*Y? with a high degree of virtuality of the vector boson. The practical con-
sequence is that the final state objects from the W* emission are produced with low
momentum, which prevents them from being reconstructed in the detector, so the ex-
perimental signature of any X or ;" from the b decay chain is limited to the presence
of EIs* in the events.

In fullpMSSM|models, the natural [SUSY]spectrum is obtained by setting the ;s parameter
in Equations[1.28|and[1.29|to the electroweak scale, while the M/, and M, parameters are
set to a few TeV or more. In addition to the Y? and the Y7, this configuration predicts an
extra light y9, that can decay into a Z*x! pair or possibly into a W*x{ pair if it is heavier
than the Y{". The Y9 is not included in the benchmark model of the present analysis, un-
der the assumption that it is almost mass degenerate with the other two states, such that
its interaction properties and its experimental signature are both effectively equivalent
to those of the X{. This implies that the b decays into a X? or a xJ are experimentally
indistinguishable, so the X! can be taken as representative of both scenarios.

From the above discussion it is clear that the assumption of negligible mass splitting
between the three Higgsino-like states has important implications on the phenomeno-
logical properties of the signals. An alternative scenario with mass splittings of the order
of a few GeV, still compatible with naturalness arguments, gives rise to additional soft

objects in the final states, and is targeted by the analysis in Ref. [184]] based on the model
in Figure [5.3c.
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Figure 6.1: Benchmark signal models targeted by the analysis in this chapter. Diagram
(a) shows a pair-produced b with 100% [BR|decay into bxY, which yields an experimental
signature with two b-jets and E¥5, Diagram (b) shows an asymmetric decay of the b
(or t) into bY? and tx; (or t¥! and bY]) which yields a tb + E* final state under the
assumption of small AM (Y], X}). The latter signature represents 50% of the events in
the mixed decay scenario where the b decays into bx" and ¢y, with 50% BR|each, which
also includes 25% of bb + EX and 25% of tt + EX' events.

6.1.2 Benchmark processes

The analysis in this chapter targets the two-body decays of the b into bx? or t\7, where
Xi and X! yield the same experimental signature due to the above assumptions on
Am(xy, X1).

The first process of interest, illustrated by the diagram in Figure , assumes the b —
bx? decay with 100% which results in the bb + E*** final state with two bottom
quarks and invisible particles. The analysis is also targeting a model with the mixed
decay of the b into bx° and tY; with 50% [BR| each, which gives rise to a more complex
scenario where 25% of the events yield a bb + EX'* final state, 50% of them yield the
asymmetric tb + E¥*° final state in Figure and the remaining 25% yields a pure
tt + B final state with two top quarks and two invisibly decaying ;. For simplicity,
in the following paragraphs the mixed decay model is referred to as tb + E*5 signal
scenario, which includes both the asymmetric events with actual tb + EX'* signature

and the two symmetric components (bb + E' and ¢t + E) with 25% fraction each.
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An additional consequence of the assumption on the small Am(y;, x?) is that the bb +
Emiss th + E¥s and ¢t + E¥*° final states can be obtained equivalently from bori
pair production. The bb + EI scenario, which in the present analysis is interpreted as
coming from the b — by decay, can also be obtained from a pair-produced ¢ decaying
into by with 100%[BR} and similarly the ¢+ E'* final state can be obtained from both
t — tx) and b — tx; decays. The same consideration is valid also for the tb + Emiss
scenario, which is produced by a combination of the two decays. The present analysis
concentrates on the two diagrams in Figure while the pure ¢ + EX final state is
targeted by a dedicated search for ¢ production [207].

6.1.3 Previous results

The analysis in this thesis is based on the full 2015+2016 dataset described in Sec-
tion but the same signal models were also targeted by previous [ATLAS| and [CMS]
searches, with minor differences in the case of the asymmetric signal in Figure In
particular, I was personally involved in an search for ¢ pair production in the
tb + EMis final state with /s = 8 TeV data, which is included in the third generation
summary paper of Run 1 [183]] and is discussed in my Master Degree thesis [208], and

I also contributed to an early Run 2 result on b pair production in the bb + EXiss final
state, which used 3.2 fb~! of data at v/s = 13 TeV collected during 2015 [209].

The first searches for b signals in the bb + EX* channel were performed dur-
ing Run 1, first with 2.05 fb™! of data at /s = 7 TeV [210] and then with 20.1 fb~! of
data at \/s = 8 TeV [211]. These results are obtained with a baseline analysis strategy
replicated also in the subsequent Run 2 searches to which I participated during my PhD,
which include the first Run 2 publication with 3.2 fb~! of data [209] and the 36.1 fb~!
analysis presented in this chapter [18]]. Figure [6.2| shows the exclusion limits of the 3.2
fb~! analysis [209] on the simplified signal model shown in Figure b masses up to
800 (840) GeV are excluded for Y mass below 360 (100) GeV, while mass differences
Am(l;, xY) below 100 GeV are excluded up to a b mass of 500 GeV. The figure includes
the reinterpretation of two results of mono-jet searches, based on 20.1 fb~! of data at
V5 = 8 TeV [212] and on 3.2 fb~! of data at /s = 13 TeV [206], that are sensitive to
signals with small values of Am/(b, X9).

The tb + EXs final state was studied for the first time inby the dedicated Run 1
analysis mentioned above [183,208], targeting a full naturalmodel parametrised
by 1 and my, (see Equation and two simplified models with a pair-produced 7 de-
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Figure 6.2: Exclusion limits on a pair-produced b decaying into a by! pair with 100%
based on the analysis of 3.2 fb~! of data at /s = 13 TeV [209].

caying into txY or by with Am(x;, x?) set to 5 and 20 GeV respectively, and with vari-
able [BR| of the two decays. The two simplified models closely resemble the one consid-
ered by this analysis (Figure with the exception of the larger values of Am (Y], X?).
The fact that the Run 1 analysis considered a pair-produced  instead of a pair-produced
b is irrelevant for the comparison, because an equivalent experimental signature is ob-
tained in both cases (as already explained in Section[6.1.2). In Ref. [[183] the signals are
targeted by four in the one-lepton channel, and the exclusion limits are shown in
Figurefor the case of Am(x{, X}) = 5 GeV. The observed exclusion is limited by the
presence of mild excesses, that are interesting to investigate in /s = 13 TeV data, as
further discussed in Section [6.2.4]

Finally, the Collaboration has also published multiple searches [213-215] target-
ing the pair production of the b in the bb + Ess final state. The analyses are generally
based on the definition of multiple [SRs|binned in key discriminating variables related to
the kinematics of the jets and the F2*'5, resulting in competitive exclusion limits on the

benchmark signal model.
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Figure 6.3: Exclusion limits on a pair-produced ¢ decaying into ¢x{ or by, with 50%
each, based on the analysis of 20.1 fb~! of data at \/s = 8 TeV [183].

6.2 Event selection

The present section is dedicated to the description of the event selection techniques
that are employed to isolate the targeted signals with respect to the dominant[SM]back-
grounds. The search is based on the definition of two mutually exclusive sets of [SRs|with
zero leptons and one lepton respectively, that are referred to the zero-lepton (bOL) and
one-lepton (b1L) channels of the analysis. The former is optimised for the symmetric b
signal yielding the bb + EX* signature in Figure while the latter targets the mixed
b decays represented by the diagram in Figure The next paragraphs introduce the
key discriminating variables that are used in both channels of the analysis (Section|[6.2.1)
showing the corresponding kinematical distributions after a preliminary set of event se-
lections are applied (Section[6.2.2). The detailed definitions of the[SRs|in the zero-lepton
and one-lepton channels is then presented in Sections and[6.2.4

6.2.1 Discriminating variables

The selection of events is performed based on multiple discriminating variables, built
from the physics objects presented in Section A summary of their definitions is

provided in the present paragraph, where the signal jets are ordered in decreasing pr:
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Hy A first variable is defined as the scalar sum of the pr of the signal jets in the event:

Hy =) pk". (6.1)

Hr, A subset of also employ a modified version of Hr, referred to as Hry, where
the scalar sum of the pr of the jet is computed starting only from the 4'" jet in

each event (if present).

Meg Similarly, the scalar sum of the Hr and the E% is used:

mas = P+ BP = Hy + BP. (62)

A Another useful quantity is the asymmetry of pr of the of the leading two jets:
_ pr(1) — pr(j2)
pr(j1) + pr(j2)

Events with large A are characterised by the presence of a single high-pr jet plus

(6.3)

extra soft activity.

EXiss and E™° The standard E* is used as a key discriminant between
signals and [SM| backgrounds. A modified E3™°" version is defined in the di-
lepton and single photon channels by removing the leptons and the photon from
the baseline E'* computation, which corresponds to treating them as invisible

objects.

J J1-a J1-2 . .. . .
A iy Adin, Ady These variables represent the minimum azimuthal distance

between the jets and the ERiss:

Ay, = min[Ag(jet, B=)] (6.4)

where A¢’ . is computed with all signal jets in the event, while A¢’';* and A¢/2
employ only the leading 4 or 2 jets respectively. If the E is arising from jet

mis-measurements, the A¢ variables are expected to have a low average value.

Exiss //Hr, EX /meg These two ratios are also employed to reject events where
the E2 is likely to arise from jet mis-measurements, or from the presence of neu-
trinos produced in the decays of the hadrons within the jet cones. The E /\/Hrp
variable is also known as E** significance and represents the ratio of the Fss
and the energy resolution of the calorimeter, while E*'* /m.g is a similar quantity
that assumes low values if the £} is small compared to the total energy in the

calorimeter.
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m;; and my, The invariant masses of the leading two jets (m;;) and leading two leptons
(my) in the events are used as key discriminants in the analysis. The mj; variable
has two possible variations: the first is my,,, where the invariant mass is computed
with the leading b-tagged jets in events where at least two of them are present,
and the second is my,;, which is computed in events with exactly one b-jet using

the D-jet and the leading non b-tagged jet.

mr The transverse mass mr is computed in the single lepton channels as:

le miss le miss
mr = \/QprET —2pyY - P (6.5)

miss

where p is the bi-dimensional vector whose magnitude is the EI'* (see Equa-
tion , while plTep and plfep are the two-vector with the transverse components
of the lepton momentum and the associated magnitude. The m variable has a
kinematical endpoint at a mass my in single-lepton events where the lepton and
the entire p2™** are produced by the decay of the particle X. A particularly impor-
tant case corresponds to events with a single leptonically-decaying W boson pro-
duced in association with visible objects (for example in ¥ +jets or semi-leptonic

tt events) resulting in an endpoint of mT in correspondence with the W mass.

my," In events with two b-jets and one lepton, the minimum invariant mass of one of

the b-jets and the lepton is defined as:

mpy™ = min;_; 5 (ma,) . (6.6)
The remarkable feature of mj}™ is that it has a kinematical limit given by \/m? — m?,

when computed in ¢t events.

M (j1.4, EF%) and mp™ (by.2, E3*%) These two variables are defined as the min-
imum transverse masses of the E* and two types of jet collections in the event:
mn (1.4, EXsS) employs the four leading jets, while in m%" (b o, E) the two
leading b-jets are used. These variables have a kinematical endpoint in events

miss

where one of the jets and the p'*® originate from the decay of an on-shell particle

such as a top quark.

mcr The contransverse mass (mcr) [216] is a key discriminant in the zero-lepton chan-
nel of the analysis, which is optimised for the bb + E** signal in Figure (see
Section|6.2.3)). The contransverse mass targets processes where two pair-produced
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V2
p
p;iss
p
Vi

Figure 6.4: Diagram of a generic process targeted by the contransverse mass mcr (Equa-
tion and the stransverse mass mrs (Equation [6.8), where pair-produced particles

decay into visible legs (v; and v5) and invisible objects [217].

particles decay into a semi-invisible final state, as described in Figure It is
computed using the four-momenta of the visible decay products v; and v, of the

two particles, and its value is given by:

meyp(v1,v2) = [Er(v1) + Ep(v)]* — [pr(v1) — pr(v2)]?, (6.7)

with Ep = /p% + m?. When applied to physics processes as the one in Figure
mcr has a kinematical endpoint given by (m? — m%)/m;, where i and X are

the pair-produced and invisible particles respectively.

amr2 An additional variable that targets semi-invisibly decaying pair-produced par-
ticles is amry, which is an asymmetric variation of the stransverse mass (mrs)
[218,1219] adapted to the one-lepton channel of the analysis (see Section [6.2.4).

The baseline definition of mrs [217] is:

mi00 = | min [max {md(pr(or), @i ) mi (pr(v2) a0 }

a5 +qP =p

(6.8)

where the minimum is taken over a range of possible decompositions of P in
two transverse vectors, interpreted as the possible transverse momenta of the in-
visible particles produced by the two decay legs in Figure In Equation [6.8|the
vectors pr(v;) are the transverse projections of the momentum three-vectors of

the visible objects, qg) are the two components of p2'* and Y is a free parameter
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that represents the mass of the invisible particles (set to 0 for this search). Simi-
larly to mcr, the mpo variable also yields a kinematical endpoint when computed
in events with semi-invisibly decaying pair-produced particles.

In the present analysis the amry variable is computed in the one-lepton channel
using three visible objects in addition to the p'** vector, namely two b-jets and the
lepton. The purpose is to obtain a kinematical endpoint driven by the top mass in
semi-leptonic ¢f events, where the only source of EX* is a neutrino and the visi-
ble particles are produced in the decay of the top quarks, while signal events are
expected to yield longer amr, tails, due to the extra E5 from the yJs and the
different kinematics of the b-jets and the lepton. In practice, in this configuration
an algorithm must be developed to combine the two b-jets and the lepton in order
to form the two visible decay legs v; and v, of the targeted processes. While it
is clear that in both signal and ¢{ events the two b-jets are produced in different
decay legs, the lepton may instead originate from any of the two. The ambiguity is
solved through the following sequence of steps, based on the computation of the

invariant mass my(n) of each of the two b-jet and lepton pairs:

o If myy(1) and my(2) are both larger than the top mass (taken as 170 GeV)
neither of the two pairings is compatible with a top decay, so amrs is not

computed and the event is rejected}

« If my(1) < 170 GeV and mye(2) > 170 GeV, amr, is computed by defining
vy as the sum of b; and the lepton, because only this pairing yields an object

compatible with the final state of a top quark decay.

« Reversely, if my,(1) > 170 GeV and my,(2) < 170 GeV, amry is computed by
pairing b, and the lepton.

« If both my(1) and me,(2) are below 170 GeV, amrs is computed with both

pairings and the minimum value among the two is chosen.

As further shown in Section [6.2.2] the amyo variable computed with the above
algorithm provides a powerful tool to suppress the dominant ¢ background in the

one-lepton channel of the analysis.

! As further discussed in Section|6.2.4} a requirement of m3" < 170 GeV is applied in all regions where

amms is used.
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bb + EXss channel b + EX channel

Trigger s Single lepton
Baseline leptons (e /) =0 =1, pr > 10 GeV
Signal leptons (e/ 1) =0 =1, pr > 27 GeV
Offline s > 250 GeV -

Signal jets > 2,pr > 20(35) GeV > 2, pp > 35 GeV
b-jets (77% fixed cut|WP =2 =2

Table 6.1: Preliminary event selections in the zero-lepton channel and one-lepton chan-

nel of the analysis, targeting the bb + E*° and tb + EX* final states.

6.2.2 Preliminary selections and key distributions

As anticipated, the analysis in this chapter is divided in two main channels designed to
target the bb + E'* final state in Figure and the tb+ E* final state in Figure
The preliminary event selections used in each channel are described in the list below,
summarised in Table

Zero-lepton channel The bb + EX** final state is selected with a £} trigger chain,
as described in Section 5.3.1] and by vetoing the presence of baseline leptons (with
pr > 10 GeV) in the events. A least two signal jets are required, with py > 35
GeV or > 20 GeV for a specific [SR| (see Section [6.2.3), and exactly two of them
are required to be b-tagged using the 77% fixed cut[WP} An offline requirement of
EXiss > 250 GeV is applied to select the efficiency plateau of the EX'S trigger.

One-lepton channel The tb+ E}'* final state may yield both zero-lepton or one-lepton
events, but in the present analysis it was chosen to concentrate on the one-lepton
channel, following the strategy of the Run 1 search [183]]. The events are selected
with single lepton (electron or muon) triggers, and by requiring the presence of
exactly one baseline lepton that must also satisfy the signal requirements and have
pr > 27 GeV. The selections on jets and b-tagging are equivalent to the zero-lepton

channel, and a signal jet pr threshold of 35 GeV is used in all one-lepton regions.

Figure [6.5| shows the breakdown of the background yields in the zero-lepton
and one-lepton channels, after the preliminary event selections described above. The

dominant background in both cases is ¢ production, which is enhanced with respect
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0-lep preselections 1-lep preselections
[ & (70.48%) [  (88.96%)
- Single top (8.01%) - Single top (6.81%)

[ ] z+ets (12.0%) [ ] z+ets (0.16%)
B W+ ets (7.03%) B v+ Jets (3.45%)
[ others (2.49%) [ others (0.63%)

(@) (b)

Figure 6.5: Background composition after the preliminary events selections described
in Table [6.1] in the zero-lepton (a) and one-lepton (b) channels, determined using

simulations.

to the other processes due to the requirement of two b-tagged jets. It is important to
recall that the fully hadronic decay of ¢t is not included in the samples, because it is
expected to be negligible in channels with leptons or large E7* (see Section, so the
fractions in Figure[6.5|represent only events with at least one lepton?] Remarkably, semi-
leptonic ¢ accounts for 70% of the total rate even in the zero-lepton channel, despite the
fact that a baseline lepton veto is applied.

Further information about the ¢f background is provided by Figure which shows the
breakdown of its rate into individual sub-processes based on the type of decay of the
two top quarks: hadronic and leptonic decays of the quarks (see the t¢ diagram in Figure
are classified separately, and the leptonic decays are split into light (¢/u) and 7
leptons, which are further divided into hadronic or leptonic 7 decays.

In the zero-lepton channel (Figure the dominant component of the ¢ rate consists
of events with one 7 (with either leptonic or hadronic decay), while semi-leptonic (e /)
events represent a sub-dominant fraction of its yield. This is a result of a combined effect
of the baseline lepton veto and the large E}** requirement, that have a different impact
on the various components of the original ¢¢ sample. The semi-leptonic (lep-had) and

di-leptonic (lep-lep) events are strongly suppressed by the lepton veto, which is instead

2While in general only electron and muons are referred to as reconstructed leptons in|ATLAS} lepton-
filtered [MC] samples include also events where the top decays into T leptons, which further decay either

hadronically or leptonically.
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[0 tep-lep (1.2%) [ tep-tep (8.9%)

‘ [0 iep-had (34.0%) [ tep-had (65.9%)
0-lep preselections . ep-t, (2.4%) .'eP-T|ep ©.2%
. lep-1,,.4 (8.6%)
W e, 6.9%)

had-t, ., (0.0%)

1-lep preselections

. lep-t, ., (1.7%)
Wl e, (205%)
had-t, _ (16.9%)

-1 (all) (3.4%) -1 (all) (0.9%)

(a) (b)

Figure 6.6: Breakdown of the ¢¢ rate into different types of decay of the two top quarks
after the zero-lepton (a) and one-lepton (b) preselections, determined using the truth
information from the samples. The leptonic decays include electrons or muons
only, while 7 decays are further split into hadronically-decaying (7;,,4) and leptonically-

decaying (7ip), except for the di-7 channel which includes both components.

less effective in had-7i.,, events where the average pr of the lepton is lower and the E}niss
is larger due to the presence of two extra neutrinos in the final state. In parallel, the had-
Thad €vents survive the lepton veto but are more suppressed than the had-7, ones by
the Es selection.

Finally, the one-lepton channel of the analysis (Figure [6.6b) is dominated as expected by
semi-leptonic ¢, while a smaller fraction of events contain an additional electron, muon

or 7 lepton.

Key discriminating variables in zero-lepton and one-lepton channels

Having shown the composition of the background rates after the zero-lepton and one-
lepton preselections, it is clear that the discriminating variables designed to suppress ¢t
events play a crucial role in both channels of the analysis. Figure[6.7]shows the kinemat-
ical distributions of four major variables defined in Section [6.2.1} comparing the shape
in signal and in the most relevant background processes.

The first variable under exam is mcr (Figure which is shown in the zero-lepton
channel for t¢, Z+jets and a bb + EF' signal with m; = 600 GeV and mgo = 100 GeV.

As expected, the shape of mcr is peaked at low values for #t, which is a semi-invisibly
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Figure 6.7: Distributions of key variables after the preliminary selections in Table
mer (a) is shown in the zero-lepton channel for ¢f, Z+jets and a bb + E'** signal with
(mg,mg) = (600, 100) GeV, while mr (b), amrs (c) and mi3™ (d) are shown in the one-

lepton channel for ¢¢, W +jets and a tb + ¥ signal with the same masses.

decaying pair-produced background, while the distribution extends to larger values in
signal and in the Z+jets background. This clearly suggests that a selection on mcr can
be used to reduce drastically the ¢t background, adding also a non-negligible suppression
of Z+jets, provided that the targeted signal has a sufficiently large Am(b, X?). Figures
and show a similar situation in the one-lepton channel, where the distribu-
tions of mr and amr, are compared in an asymmetric tb + ER signal and in the ¢t
and W+jets backgrounds, highlighting their strong discriminating power. In particu-

lar, amr is designed to have a kinematical endpoint for ¢¢, while mr has it for both
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background processes. Finally, Figure shows the distribution of the invariant mass
min

variable m}}™, which is bounded below the mass of the top quark for both signal and ¢t

background, while no such constraint is present in W' events.

Classification of tt events beyond the kinematical endpoints

While a major fraction of ¢t events can be removed by applying appropriate selections
on the discriminating variables in Figure the distributions are also showing the pres-
ence of non-negligible tails which extend beyond the expected endpoints. Due to the
large overall rate of ¢ after the preliminary selections of the analysis, these tails rep-
resent a significant source of background in the (see Sections and [6.2.4), so it
is important to understand the mechanisms through which they are generated. A first
answer comes from the finite resolution of the detector, that produces fluctuations in the
measurement of jets and lepton momenta and £, but there are also other effects that
are particularly relevant for the analysis in this chapter.

An interesting insight can be obtained by studying the real flavour of the two b-tagged
jets in tt events, that serve as input for the computation of the mcr and amry vari-
ables, comparing the composition after the standard preselections and in the tails of the
two distributions. The charts in Figure [6.8| show the breakdown of the ¢t rate into each
possible combination of light, ¢, b or hadronic 7 jet flavours, resulting in 10 possible con-
figurations of the events. As expected, the flavour composition after the zero-lepton and
one-lepton preselections (Figures and is dominated by real b-jets, with a sub-
dominant fraction of cases where one mis-tag is present. On the contrary, when events
in the mcr and amrs tails are selected (Figures and|[6.8d), the fraction of cases with
at least one mis-tag (mainly from c-jets) increases dramatically, indicating that at least
one of the two jets used for the computation of mcr or amr, is not a b-jet from the
decay of the top quark. This result is not surprising, because the kinematical endpoints
of mcor and amry should only be present if the visible decay legs of ¢t are correctly re-
constructed, so the mis-tag of jets increases the likelihood of populating the tails of the
distributions of both variables.

Additional information can be obtained by analysing the type of decay of the two top
quarks in tf events, as already done in Figure The breakdown of the ¢t rate is shown
in Figures and[6.9b]in the tails of the m and amr, distributions respectively, to be
compared with the one-lepton preselection chart in Figure In case of mr, the dom-

inant component of the rate beyond the kinematical endpoint consists of events with
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light-light (0.0%) light-light (0.09%)
c-light (0.1%) c-light (0.1%)
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B cc (0.1%) B cc (0.1%)
Il c-b (16.3%) Il c-b (9.3%)
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T-c (0.0%) T-c (0.0%)
b (1.1%) B b (0.6%)
I -1 (0.0%) I -1 (0.0%)
(a) (b)
light-light (0.0%) light-light (0.1%)
c-light (0.6%) c-light (0.5%)
mer >200 GeV B b-light (11.8%) am..>200 GeV B b-light (13.4%)
I c-c (0.4%) T2 I c-c (0.6%)
Il cb (64.1%) Il c-b (60.4%)
b-b (21.8%) b-b (23.8%)
1-light (0.0%) 1-light (0.0%)
1-c (0.0%) 1-C (0.0%)

b (L4%)
I -1 (0.0%)

b (13%)
I -1 (0.0%)

(c) (d)

Figure 6.8: Breakdown of the ¢t rate into each possible combination of light, ¢, b or
hadronic 7 flavours of the two b-tagged jets, after the preliminary event selections in Ta-
ble|6.1|in the zero-lepton (a) and one-lepton (b) channels, and with additional selections
on mer > 200 GeV (c) and amrs > 200 GeV (d) respectively.

one lepton (e or i) plus a second lepton that can either be a 7 (with hadronic or leptonic
decay) or a second electron or muon which escapes the detection. This happens because
the presence of an extra leptonic decay of the top is an additional source of E'* in the
event, implying that the transverse mass mr is not necessarily bound below the W mass.
On the other hand, the top decay composition beyond the amrs endpoint remains simi-
lar to the inclusive preselection chart, indicating that the presence of additional leptons

in the events is not significantly enhancing the amr tails.
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Figure 6.9: Breakdown of the tf rate into different types of decay of the two top quarks
after the one-lepton preselections plus mrt > 100 GeV (a) and am s > 200 GeV (b), to
be compared with the preselection composition in Figure

channel SR|selections Dominant source of tails in ¢t

mcr  zero-lepton Lower bound Mis-tag of c- or light jets
amry one-lepton Lower bound Mis-tag of c- or light jets
mr one-lepton Lower bound Di-leptonic events
mi#™  one-lepton Upper bound Not relevant

Table 6.2: Summary of the behaviour of the mcr, amry, mr and m;;,j}n variables in tf
events, highlighting the dominant source of kinematical tails in their distributions when

relevant for the analysis in this chapter.

A summary of the analysis in this paragraph is presented in Table The mis-tag of
b-jets is identified as the dominant source of mcr and ams tails in ¢t events in the zero-
lepton and one-lepton channels, while the m tails are found to be generated mainly by
di-leptonic ¢t events. These three variables play a crucial role in the definition of the
SRs| of the analysis, as further discussed in the next sections. Finally, the m{ft}in variable
is peaked below the top quark mass in both signal and ¢t background, and the kinemat-
ical tails beyond the end-points are not a significant concern for the present analysis,

because they are excluded from the
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6.2.3 Zero-lepton channel SRs

The first channel of the analysis is designed to target the bb + E*'* signal in Figure
in zero-lepton events, based on the preliminary selections in Table In order to be
sensitive to signals over a wide range of b and %0 masses, three mutually exclusive sets
of are defined, and the detail of the corresponding selections is presented in Table
Each[SRlis defined following the procedure described in Section[5.3.5] which includes
a dedicated optimisation scan on the relevant set of discriminating variables.

A description of each type of |SR|is provided below:

bOL-SRAx Type-A are designed to target signal models with large mass splittings
between b and X1 The key discriminating variable is mcr, whose properties have
been discussed in detail in the previous paragraphs, and three overlapping[SRs|are
defined by applying progressive cut thresholds (mcr > 350, 450 and 550 GeV)
indicated by the “x” label in the region name. The baseline EX* threshold of 250
GeV is used to ensure full trigger efficiency, and the b-tagging requirement is ap-
plied to the two leading jets in pr, because the b-jets are expected to be boosted in
models with large Am/(b, X?). Signal jets are defined with pr threshold of 35 GeV,
and background processes with large jet multiplicities, such as ¢, are suppressed
by selecting only events with total number of jets between 2 and 4, and with pr
of the fourth jet below 50 GeV. In order to reduce the impact of the multi-jet back-
ground, events where any signal jet is aligned with the E** in the transverse
plane are removed by requiring A¢’';' > 0.4, and an additional cleaning selection
of Ej’?iss /Meg > 0.25 is included. Finally, a selection on my,, > 200 GeV is applied
in all[SRs|to reduce the background from Z+jets events with two b-jets produced
by gluon splitting.

bOL-SRB A single|SR|of type B is designed for signals with intermediate mass splittings
between b and !, targeting the Am(b, X?) range between 50 and 250 GeV. In these
scenarios the discriminating power of mcr and my,y, is limited, so these variables
are replaced by mJ™(j;4, %) with a minimum threshold of 250 GeV, which
provides a significant suppression of the ¢t background. The selection on the jet
multiplicity is equivalent to the bOL-SRAs, with 2 to 4 jets with pr > 35 GeV, but
no upper bound is applied to the pr of the fourth jet. Similarly, bOL-SRB events
are selected with exactly two b-tags, but the two b-jets are not necessarily required
to be leading in py. Finally, the baseline Ejr?iss threshold of 250 GeV is used, and
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dedicated selections on the azimuthal distance between the two b-jets and the F2ss

are applied to reduce the background from Z+jets.

bOL-SRC Lastly, a of type C is optimised for compressed mass splittings between b
and Y, characterised by Am(i), V) < 50 GeV, where the b-quarks from the decay
of the b are produced with low pr. In these conditions the variables computed
from the four-momenta of the b-jets are less effective, so the signal is targeted
by requiring a jet from similarly to what is done in the mono-jet analyses
[206,212]. In particular, the selected events must contain a non b-tagged jet with
pr > 500 GeV, which recoils against a signal-like system yielding EX's* > 500 GeV
(from the heavy neutralinos escaping the detection) and two soft b-jets, whose pr
threshold is lowered to 20 GeV to increase the signal acceptance. A large azimuthal
distance between the[ISR/jet and the E'** is selected by requiring A¢(j;, Fs) >
2.5, while a loose extra cleaning requirement of A¢(jp, ER) > 0.2 is applied to
minimise the impact on the acceptance. The number of signal jets with pp > 20
GeV is required to be between 2 and 5, and an extra requirement of Hry < 70 GeV
is applied. Finally, a tight m.g > 1.3 TeV cut is applied in combination with a large

asymmetry A4 > 0.8, to select signal-like events where any jet in addition to the

one is relatively soft.

The background composition in three of the zero-lepton is shown in Figure for
the type A region with the lowest m¢r threshold (bOL-SRA350) and for the type B and C
regions. While the event yield after the preliminary selections in Table|6.1/is dominated
by tt, the most relevant background in all is Z+jets, whose experimental signature
is less distinguishable from the signal processes. This is true in particular for the bOL-
SRAX regions, thanks to the good performance of the mcr variable in suppressing the ¢
background. The detail of the rate predictions in all is shown in Section where
the full results of the analysis are presented.

The most effective SR/ for each signal benchmark in the mj-myo plane is shown in Fig-
ure superimposed to the expected exclusion limits at 95% obtained from the
fit procedure described in Section As expected, the bOL-SRAs have the best perfor-
mance in the region with large mass splitting between the b and the X!, with larger mcr
thresholds for larger values of Am(é, xY), while bOL-SRB dominates in the intermediate
region and bOL-SRC is optimal in the compressed scenarios.

Finally, Table (6.4 shows the lists of the expected signal yields after each selection
of bOL-SRA, bOL-SRB and b0OL-SRC respectively, commonly referred to as cutflow tables,
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bOL-SRAx bOL-SRB bOL-SRC
Lepton veto No e/p with pp > 10 GeV after OR
Niets (pr > 35 GeV) 2-4 2-4 -
Niets (pr > 20 GeV) - - 2-5
pr(j1) [GeV] > 130 > 50 > 500
pr(j2) [GeV] > 50 > 50 > 20
pr(js) [GeV] <50 - -
HT4 [GeV] - - <70
b-jets 71 and jo any 2 j2 and (js or j4 or js)
Emiss [GeV] > 250 > 250 > 500
EXISS [m g > 0.25 - -
Ad)fﬁl‘; > 04 > 04 -
A¢(b1,Em‘SS) - <20 -
A¢(by, Eiss) - <25 -
A¢(j1, Em‘SS) - - > 2.5
AP(ja, EFsS) - - > 0.2
mi; [GeV] > 200 - > 200
mcr [GeV] > 350,450, 550 - -
MR (j1.4, EPSS) [GeV] - > 250 -
meg [GeV] - - > 1300
A - - >0.8

Table 6.3: Summary of the selections of each signal region in the zero-lepton channel

«€_ »

of the analysis. The “x” in the bOL-SRA labels represents the associated mcr threshold,
and both light and b-tagged jets are labelled in decreasing order in pr.

bOL-SRA350 - Single top (15.84%) bOL-SRB - Single top (9.51%) bOL-SRC - Single top (13.91%)
[ z+3ets (57.73%) [ z+dets (47.3%) [ z+3ets (35.82%)
[ @ 3.18%) [ (13.80%) [ & (22.84%)
- WiJets (19.16%) I W+Jets (15.04%) - WJets (19.24%)
B v (0.73%) B i+ (1.89%) B i+ (0.86%)

[ piboson (3.36%) [ Diboson (12.37%) [ piboson (7.32%)

(@) (b) (©

Figure 6.10: Background composition in three bOL defined in Table bOL-SRA350
(a), bOL-SRB (b) and bOL-SRC (c). The rates are predicted using simulations.
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Bottom squark pair production, b; - b ?j
';‘1000 T | T T T I T T T I T T T I T T T I T T T | L
® - - =
9. 900F e Expected limit (t10,,,)
3 - .
- - a -
€ 800 F Vs=13TeV, 36.11b 3
700 3
F  BestbOL SR 3
600 - e c B B B A550 A550 AS50]
: Vol C B B B B A4 A550 A550 A550 ASSU_'
- ¢ 7]
__ B c Cc B B B A350 A350 A450 A450 A A550 A550 A550 A550 A‘,;L;L]__
500 [ & o 4
- C;’&\E — B\ B B /AQSD A350 AEW{O A450 A550 A550 A550 A550 A550 A5507]
— L°c —_——-— I
400 __ C}! Cc B B B B A350 A350 A350 A450 A/ISD\A')BO AS550 A550 A550 A550 A550 Afﬁﬂ__
= Sic s 1 ]
— gC B B B B A350 A350 A350 A450 A450 A450 Aﬁu AB50 A550 A550 A550 A550 A5507]
- gie 7]
300 __ /(;‘/ Cc B B B B A350 A350 A350 A350 A4 A550 ASSO),SSU A550 A550 A550 A550 /\5511__
- \y/ Cc B B A350 A350 A350 A350 A550 A550 4550 A550 A550 AS550 A556
- & ¢ 7]
200 __ Cc B B A350 A350 A350 A350 A450 £ 50 A450 A550 AS50 /%550 AS550 A550 A550 A550 AE;E
- 1 —
— B B B B B A350 A350 A350 A450 A450 A550 AS50 /‘550 AS50 A550 A550 A550 A5507]
- 1 7]
100 :_ B B A350 A350 A350 A350 A450 AS550 A550 AS550 A:IESU AS50 A550 A550 A550 /\mE
- A550 A550 AS50 /1550 AS550 A550 A550 AS550 A5S5!
— 1
C_1 | 1 1 1 ls 1 ww&o 1450 1450 450 lqmu JA550 1A550 JAb50 550 |A550 11550 IA550 55
200 400 600 800 1000 1200

m; [GeV]

Figure 6.11: Expected exclusion limits of the zero-lepton on a bb + E* signal sce-
nario in the m;-myo plane, obtained from the fit procedure described in Section 6.4 The
with the best expected CL; is indicated in the plot for every signal model considered.

for three reference bb + EF™ signals with (mj,mg) = (1000,1) GeV, (mj;, my) =
(700,450) GeV and (m;, mg) = (450, 430) GeV respectively. The cutflows confirm that
the overall selection efficiency (defined as the ratio of the signal yield in the and
the signal yield in the whole dataset) of the bOL-SRAx regions for a signal with large
Am(b, ¥Y) is significantly higher compared to the corresponding selection efficiencies
of bOL-SRB and bOL-SRC for signals with intermediate and small Am(b, X?). This is con-
sistent with the pattern observed in Figure where it is shown that the sensitivity of

the bOL-SRAX regions reaches heavier b signals with lower cross sections.

6.2.4 One-lepton channel SRs

The one-lepton channel of the analysis targets the tb+ E2*'** final state obtained from the
signal model in Figure[6.1b] based on the corresponding preliminary selections defined in
Table The selection criteria, summarised in Table follow the same strategy of the
Run 1 search described in Section where minor excesses over the predictions

were observed.
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Table 6.4: bOL [SR| cutflows, showing the nominal signal yield after each step of the se-
lection sequence and the corresponding relative efficiency [220].
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b1L-SRAx b1L-SRA300-2j b1L-SRB

Number of leptons (e, p) 1 1 1
Njets (pT > 35 GeV) >2 =2 >2
b-jets any 2 j1 and jo any 2
EXiss [GeV] > 200 > 200 > 200
Ewiss /\/Hy [GeV'/?] > 8 > 8 > 8
min [GeV] < 170 < 170 < 170
A¢l > 0.4 - > 0.4
Aglt2 - > 0.4 -
amry [GeV] > 250 > 250 > 200
mr [GeV] > 140 > 140 > 120
Mpp [GeV] > 200 > 200 < 200
Mes [GeV] > 600, 750 > 300 > 300
MmN (by o, EWIsS) [GeV] - - > 200
Ag(by, Emiss) - - > 2.0

Table 6.5: Summary of the selections of each signal region in the one-lepton channel
of the analysis. The “x” in the b1L-SRA labels represents the associated m.g threshold,
while the -2j suffix indicates the exclusive [SR/in number of jets. Both light and b-tagged

jets are labelled in decreasing order in pr.

A description of the different types of one-lepton [SRs|is provided below:

b1L-SRAx The one—lepton of type A are designed for signals with large Am(i), ),
similarly to the bOL-SRAs in the zero-lepton channel. The key discriminating vari-
ables are mr and ammy, with lower thresholds of 140 GeV and 250 GeV, while an
upper bound on m}™ is applied (< 170 GeV) based on the kinematical distribu-
tions presented in Section[6.2.2] These selections are particularly effective against
the ¢t background, including di-leptonic events, but they also provide a strong sup-
pression of IV +jets and single top. Additional selections on Ei, Fiiss /\/H 1 and
A¢’ . are employed to reduce the background from multi-jet events to negligible
levels. A requirement of large invariant mass of the two b-jets (mp, > 200 GeV),
also used in the bOL-SRAs, provides a further enhancement of the sensitivity to the
targeted signals. Two overlapping[SRs|are defined using incremental thresholds on
meg (600 and 750 GeV), as indicated by the “x” in the region labels, and with no
restriction on the maximum number of jets in the events. Together with these,
a third SRl of type A is defined with the same selections except for a looser m.g

threshold (300 GeV) and an exclusive requirement on the number of signal jets,



150 6.2 Event selection

that must be exactly equal to two. This labelled as b1L-SRA-300-2j, targets
models with small Am(g, xY) and is kinematically similar to a Run 1 [SR| defined
with a maximum of two jets with pp > 50 GeV [183]].

b1L-SRB A of type B is designed for signals with small mass splittings between the b
and the \?, following a similar strategy to bOL-SRB in the zero-lepton channel. The
selection on myy, is reverted to < 200 GeV with respect to the b1L-SRAx regions,
while the lower thresholds of mt and amy are relaxed to 120 GeV and 200 GeV
respectively. The m2i" (b, o, E5%) variable is used as key discriminant to suppress
the t¢ background, using a threshold of 200 GeV, and the leading b-jet in pr is
required to have a large azimuthal distance from the EX'* (A¢(by, EX55) > 2.0).
The multi-jet background is reduced using the same selections of the b1L-SRAx

regions, and a minimal m.g threshold of 300 GeV is used.

Figure shows the background composition in three one-lepton namely b1L-
SRA600, b1L-SRA300-2j and b1L-SRB. Similarly to what happens in the zero-lepton chan-
nel, the fraction of ¢t events is significantly reduced with respect to the preliminary selec-
tions in Table The production of single top becomes a major source of background,
particularly in the of type A, and a significant contribution is also given by tt+V. As
for the zero-lepton regions, the detail of the rate predictions in each region is presented
in Section

The best b1L|SR|for each asymmetric tb + EXS signal in the mj-myo plane is shown in
Figure together with the expected limits at 95% |CL| from the associated exclusion
fit (see Section[6.4). The general structure is similar to the bb+ E° limits in Figure
with the of type A yielding the best performance for large mass splittings between
the b and the %9, and b1L-SRB dominating in compressed scenarios. The exclusive b1L-
SRA300-2j has a lower sensitivity to the targeted signal grid, so it is not appearing in the
figure, but it is included in the analysis to provide a cross-check of the corresponding
region in the Run 1 search.

The cutflow tables of the b1L are shown in Table [6.6| for a tb + E1'™ signal model
with (mg, mg) = (700, 300) GeV, to which all bthave a non-negligible sensitivity.
The overall selection efficiencies of these are comparable and are penalised by the
low efficiency of the lepton trigger selection, due to the presence of a significant fraction

of events with no leptons in the signal samples.
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b1L-SRA600 [l single top (41.99%) b1L-SRA300-2j [l single top (61.36%) blL-SRB B single top (27.37%)
[ z+3ets (0.08%) [ z+3ets (0.24%) [ z+3ets (0.15%)
[ tt (34.44%) [  (26.69%) [t (31.12%)
B W+ dets (3.44%) B W+ dets (4.63%) I W+ dets (21.52%)

B ci+v (16.65%)
[ piboson (3.19%)

B v (6.52%)
[ biboson (0.56%)

B v (10.87%)
[ piboson (0.19%)

(a) (b) (©

Figure 6.12: Background composition in three blL defined in Table b1L-SRA600
(a), b1L-SRA300-2j (b) and b1L-SRB (c). The rates are predicted using simulations.
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Figure 6.13: Expected exclusion limits of the one-lepton on a th + EXs signal sce-
nario in the mj;-myo plane, obtained from the fit procedure described in Section The
with the best CL; is indicated in the plot for every signal model considered. The
b1L-SRA300-2j region is not appearing in the figure because it is less effective than the

others in the signal grid under exam.
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Table 6.6: b1L SR cutflows for a tb + EX* signal with (m;,

showing the nominal signal yield after each step of the selection sequence and the cor-

responding relative efficiency [220].
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6.3 Background estimation

The estimate of the background yields in the[SRs|is based on the definition of] for the
most relevant SM|processes, and the accuracy of the predictions is tested in follow-
ing the strategy introduced in Section|[5.3.6] A dedicated set of|[CRs|and [VRsis defined for
each type of|SR/in each channel of the analysis, to ensure that the background estimation
is carried out in regions that are kinematically close to the corresponding[SR|selections.
The associated with zero-lepton and one-lepton are mutually orthogonal, with
the only exception of the single top of type A, where the same selection is used for
both channels: these choices simplify the statistical combination of the results of the
individual channels of the analysis, as further discussed in Section The detail of
the [CR|and [VR|selections for the zero-lepton channel [SRs| of the analysis is described in
Section[6.3.1] while the and[VRs|for the one-lepton channel are presented in Section
In parallel to the [CRfbased approach, the Z+jets background in the zero-lepton
channel is also estimated by two different data-driven methods, discussed in Section
while the impact of the multi-jet background is evaluated using a jet smearing
technique presented in Section[6.3.3]

6.3.1 Control and Validation Regions in the zero-lepton channel

The background composition in the zero-lepton from Figure indicates that the
dominant process is Z+jets, especially in the bOL-SRAx regions, but ¢, single top and
W +jets are also significant. The background estimation strategy for the bOL-SRAx re-
gions is based on four independent for W, Z, tt and single top quark production,
labelled as type-A[CRs} while three for W, Z and tt are employed for bOL-SRB and
bOL-SRC. The detail of the [CR| definitions is provided in Tables and|[6.9] for type
A, B and C respectively, together with a schematic view of all the relevant regions of
the channel, including and [SRs| The main features of the for each background

process are described below:

CRs for Z+jets Data samples dominated by Z+jets events are obtained by requiring
two same-flavour opposite-sign (SFOS) signal leptons (electrons or muons) with
invariant mass my, close to the mass of the Z boson (76 GeV < my, < 106 GeV).
The events are selected with a single lepton trigger, and the py threshold of the

reconstructed leptons is set to 27 and 20 GeV for the leading and sub-leading ones
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in pp. A dedicated bOL-CRz is defined for each zero-lepton with specific se-
lections on the relevant variables to reduce the extrapolation from to A
requirement of two b-tagged jets is applied in all Z equivalently to the cor-
responding and the kinematics of the Z boson are reproduced by applying a
selection on the Ei**™ variable (see Section which mimics the expected

missing transverse momentum in Z — vv events.

CRs for tt and single top Events with one signal lepton and two b-tagged jets are se-
lected to isolate samples of ¢ and single top, using the baseline single lepton trigger
strategy described in Section A |[CR|for tt is implemented for all zero-lepton
SRs| while a single top |CR|is defined only for the bOL-SRAx regions. In the latter
case, the two[CRs|for ¢f and single top are separated by requiring my;, > 200 GeV
and mypp, < 200 GeV respectively, and the purity of the single top [CRis increased

min

by applying a selection on m;™ > 170 GeV.

CRs for W +jets A dedicated [CR|for W production is defined for each zero-lepton
by selecting events with one signal lepton, similarly to what is done for the ¢f and
single top The peculiarity of the W is that only one b-jet is required,
contrarily to all the other regions of the analysis, where the b-jet multiplicity is
always equal to 2. This choice allows to reduce the contamination from ¢¢ produc-
tion, improving the purity of the The disadvantage is that the different b-jet
multiplicity increases the extrapolation uncertainty from [CR|to SR} introducing a
significant source of systematic uncertainty related to the heavy flavour jet content

in W+jets events.

The presented in this paragraph are employed to constrain the normalisations of
the associated backgrounds in the final fits of the analysis, described in Section In
particular, a normalisation factor is included in the fits for each background process for
which a dedicated |[CR|is defined, while the rates of the remaining backgrounds are es-
timated either directly from simulations, for dibosons or ¢t plus vector bosons, or
from data driven techniques, for multi-jet production.

A first important test of the accuracy of the background predictions is obtained by ex-
amining the data{MC|agreement of key kinematical distributions in the as shown
in Figure for a selection of variables in different bOL [CRs| The normalisations of the
samples are derived from the background only fits, and the data are following the

predictions within the expected systematic uncertainties in all cases. More detail about
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2b,0lep
CRUA: VRmbbA:

2 b, 1lep, m,>200 GeV

CRstA:
2 b, 1lep, m,,<200 GeV

100<m,,, <200 GeV

CRwA:
1b,1lep

»

m,,>200 GeV, mct>x

SRAX:

150<m;<250 GeV

VRmctA:

——

bOL- CRzA CRttA CRstA CRwA
Number of leptons (¢ = e, 1) 2 SFOS 1 1 1
pr(€1) [GeV] > 90 > 27 > 27 > 27
pr(f2) [GeV] > 20 - - -
myp [GeV] [76 —106] - - -
Niets (p1 > 35 GeV) 2-4 2-4 2-4 2-4
pr(j1) [GeV] > 50 > 130 - > 130
pr(j2) [GeV] > 50 > 50 > 50 > 50
pr(ja) [GeV] < 50 < 50 < 50 < 50
b-jets jrandj2  j1and jo J1 and j2 J1
E;?iss [GeV] < 100 > 200 > 200 > 200
EISSCO [GeV] > 100 - - -
B [ o > 0.25 > 0.25 > 0.25 > 0.25
Aglta - > 0.4 > 0.4 > 0.4
mt [GeV] - - - > 30
mpp [GeV] > 200 < 200 > 200 my; > 200
mer [GeV] > 250 > 250 > 250 > 250
miBn [GeV] - - > 170 -

Table 6.7: Scheme of the background estimation strategy for the bOL-SRAx regions and

summary of the definitions. Jets and leptons (electrons or muons) are labelled in

decreasing order in pr.
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2b,0lep
Ton it CRttB: VRtB:
PP 2b, 1lep 150<mT, . <200 GeV
: CRwB: SRB:
Wriets 1b,1lep » M7 3250 GeV
CRzB: VRzB:
- 2b,2lep 200<m’;, . <250 GeV
Single top ﬁ
Others (diboson, ttV)
bOL- CRzB CRttB CRwB
Number of leptons (¢ = e, 1) 2 SFOS 1 1
pr(€1) [GeV] > 27 > 27 > 27
pr(l2) [GeV] > 20 - -
myp [GeV] [76-106] - -
Niets (pr > 35 GeV) 2-4 2-4 2-4
pr(j1) [GeV] > 50 > 50 > 50
p1r(j2) [GeV] > 50 > 50 > 50
b-jets any 2 any 2 any 1
Emiss [GeV] < 100 > 100 > 100
EISSCOT [Gev] > 200 - -
Aglit > 0.4 > 0.4 > 0.4
mr [GeV] - > 30 > 30
N,y F0isS) [GeV] > 200 > 200 > 250
Ag(by, Emiss) - < 2.0 < 2.0
A (by, Emiss) - <25 -

Table 6.8: Scheme of the background estimation strategy for bOL-SRB and summary of

the [CR|definitions. Jets and leptons (electrons or muons) are labelled in decreasing order

in pr.
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2b,0lep
Top pair CRUC: VRttC:
2b,1lep
0.6<A<0.8
s
SRC:
CRzC: A>0.8
2b,2lep
Single top ﬁ
Others (diboson, ttV)

bOL- CRzC CRttC CRwC
Number of leptons (¢ = e, 1) 2 SFOS 1 1
pr(€1) [GeV] > 27 > 27 > 27
pr(l2) [GeV] > 20 - -
myp [GeV] [76 —106] - -
Niets (pr > 20 GeV) 2-5 2-5 2-5
Leading jet pr [GeV] > 250 > 500 > 500
b-jets J2and (js3 or j4)  j2 and (j3 or ja) J2
Emiss [GeV] < 100 > 100 > 100
EISSCO [GeV] > 200 - -
mr [GeV] - > 30 [30-120]
Meft [GeV] > 500 > 1300 > 500
mgj [GeV] > 200 > 200 > 200
Hry [GeV] <70 <70 <70
A > 0.5 > 0.5 > 0.8
Ag(j1, BIss) > 2.5 > 2.5 > 2.5

Table 6.9: Scheme of the background estimation strategy for bOL-SRC and summary of

the [CR|definitions. Jets and leptons (electrons or muons) are labelled in decreasing order

in pr.
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Figure 6.14: Kinematical distributions of key variables in bOL EXs in bOL-CRwWA
(a) and EJ™° in bOL-CRzC (b) . The samples are normalised using the
results of the background fits, and good agreement is found between the data and the

predictions. The uncertainty bands include the detector-related systematics described in
Section [6.3.5] and the last bins of the distributions include overflow events.

the results of the background fits are provided in Section[6.4.1]

In addition, a set of’ is defined to verify the quality of the extrapolation from the
to the [SRs| as anticipated in Section The selections of the are closely resem-
bling the corresponding with baseline lepton veto and E** trigger requirement,
and are optimised to minimise the yields of the benchmark signal models, so that the
data counts are expected to agree with the background only predictions. The detail of
each [VR| definition is presented in Table which provides a description of the mod-
ified selections with respect to the corresponding [SRs|in Table [6.3] The [VR|strategy for
each type of bOL[SR] also shown in the schemes in Tables is briefly summarised

below:

VRs for the bOL-SRAx regions Two of type A are defined by inverting the selec-
tions on my;, and mer with respect to the bOL-SRAx regions, using a low mcr
threshold (250 GeV) to reduce the signal contamination. In addition, an upper
bound on Mm% (4,4, EX) is included to ensure that the are orthogonal to
bOL-SRB.

VRs for bOL-SRB The extrapolation from the type B to bOL-SRB is verified in
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VR Corresponding [SR Selection changes

bOL-VRmctA bOL-SRA M (g, BRSS) < 250 GeV, 150 < mor < 250 GeV
bOL-VRmbbA bOL-SRA M (514, ERSS) < 250 GeV, 100 < mypp, < 200 GeV
bOL-VRzB bOL-SRB mer < 250 GeV, 200 < mP (j1.4, EFS) < 250 GeV,

A < 0.8, no selection on A¢(by, EX5) and Ag(bg, EsS)
bOL-VRtB BOL-SRB  mer < 250 GeV, 150 < miin(j;_y, EIsS) < 200 GeV, A < 0.8

bOL-VRttC bOL-SRC mcr < 250 GeV, mmm(]l 4, Em‘SS) <250 GeV, 0.6 < A <0.8

Table 6.10: Summary of the used in the zero-lepton channel of the analysis. Each
is defined with respect to a specific [SR| indicated in the middle column, with modified

selections to reduce the signal contamination, as described in the right column.

two that are dominated by ¢ and Z+jets events respectively. The ¢ [VR]is
defined with 150 < m&®(j;4, ) < 200 GeV, while the Z [VR| has 200 <
mEm (54, ERS) < 250 GeV and no selection on the azimuthal distance between
the b-jets and the Eiss, Bothhave mer < 250 GeV and A < 0.8 for orthog-

onality with the and [SRs| of type A and C.

VR for bOL-SRC A single[VR|of type C is defined from bOL-SRC by selecting the asym-
metry window 0.6 < A < 0.8. Upper bounds on mct and m%2™ (5.4, EX5) are
also included to ensure that the [VR]is orthogonal to type A and B regions.

6.3.2 Data driven estimates of the Z background

The accuracy of the [CRfbased predictions of the Z background in the zero-lepton
is further verified by employing two independent data-driven estimates, that have been
developed by C.Macdonald and J.Anders and are discussed in detail in their PhD theses
[221,222]. A brief description of the two techniques is provided below:

Z from ~ In the first method, the Z+jets yield is predicted by mimicking the [SR| se-
lections in a channel where the E}' is replaced with a photon, exploiting the

similarity between y+jets and Z+jets production illustrated by the diagrams in

Figure [223].
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(a) (b)

Figure 6.15: Comparison between diagrams of y+jets (a) and Z+jets (b) production,
highlighting the similarity between the two processes.

Z +bb from Z+light The second technique consists in the extrapolation of the shape of
mer from Z+jets events with light jet flavour, where the variable is computed with
the two leading jets in pr, to the Z+bb events selected in the By construction,
the measured shape can only be used in regions where the two b-jets are also

leading in pr, so the method is only employed for the of type A.

6.3.3 Multi-jet background estimate from jet smearing

An additional data driven technique is employed to estimate the background from multi-
jet production in the zero-lepton regions of the analysis, where large E¥* is required.
The method, referred to as jet smearing, is widely used by the Collaboration
[224], and is described in detail in the PhD thesis of C.Macdonald [221] who implemented
it in the present search. The underlying assumption is that large F}* in multi-jet events
is mainly caused by the mis-measurement of the pr of the jets, which results in an overall
momentum imbalance in the transverse plane. The procedure consists of the following

steps:
1. A sample of seed events with well measured jets and low ES is selected in data.

2. The seed events are smeared n times using a jet response function determined in
simulation and corrected with data, obtaining a sample of n smeared events

with larger EI'** tails (pseudo-data) for each seed.
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Figure 6.16: Distribution of the pr of the leading jet in a multi-jet enriched , where

the multi-jet yield is labelled as QCD and is estimated using the jet smearing technique
described in Section [18]].

3. The pseudo-data are normalised in a multi-jet enriched [CR} and are then used to

predict the background yields in the relevant regions of the analysis.

Additional corrections are applied in the present search to take into account the FXss
from the decay of the b-hadrons, and systematic uncertainties on the pseudo-data are
evaluated as described in Ref. [221]]. The distribution of the pr of the leading jet in a
multi-jet enriched [CR| is shown in Figure where good agreement is observed be-
tween data and predictions, while the expected multi-jet yields in the remaining regions

of the analysis are found to be negligible [18].

6.3.4 Control and Validation Regions in the one-lepton channel

As anticipated in Figure the dominant background processes in the one-lepton
are tt and single top production. Two are defined to constrain ¢t in the b1L-SRAx
and b1L-SRB regions by selecting events with amry below the top quark mass, and by
inverting the my,;, and m2" (b, E3%) selections respectively. In order to allow the sta-
tistical combination of the results of the bOL-SRAx and b1L-SRAx regions, as well as of
bOL-SRB and b1L-SRB (see Section[6.4.3), the associated [CRs|are made orthogonal by ap-
plying an upper bound on mcr < 250 GeV in b1L-CRttA. The single top normalisation
in the b1L-SRAx regions is measured in the same used for the corresponding bOL
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Figure 6.17: Kinematical distributions of key variables in blL My, in b1L-CRstA
(a) and m in b1L-CRttB (b) [18]. The[MC|samples are normalised using the results of
the background fits, and good agreement is found between the data and the predictions.
The uncertainty bands include the detector-related systematics described in Section|6.3.5]

and the last bins of the distributions include overflow events.

selections, while a dedicated single top is defined for b1L-SRB. A third is defined
to estimate W +jets in b1L-SRB, using events with a single b-tagged jet similarly to what
is done in the bOL regions.

In summary, the backgrounds in the b1L-SRAx regions and in b1L-SRB are normalised
in two and three respectively, with selections detailed in Tables and[6.12] The
data]MC| agreement in the b1L is shown in Figure after the normalisation fac-
tors from the background only fit are applied.

The associated with the b1L are presented in Table and are also included
in the schemes in Tables and together with the other regions of the corre-
sponding channels. For the type A selections, two [VRs| with meg threshold of 300 GeV
are implemented: the first is defined with inverted amry with respect to the b1L-SRAx
regions, while in the second an upper bound is placed on m and my,,. Finally, the ac-
curacy of the background estimate in b1L-SRB is verified in two with no selection

on A¢(by, EX), by reverting the my,, and m selections.
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2b,1lep
CRttA: VRamt2A:

2 b, 1lep, mm"<170 GeV

m,,<200 GeV, 30<m<120 GeV

CRstA:
2 b, 1lep, m,"">170 GeV

»

SRAX:
am.,>250 GeV, m>x

3

VRmbbA:
am,,<250 GeV

bi1L- CRttA CRstA
Number of leptons (¢ = e, ) 1 1
pr(f) [GeV] > 27 > 27
Niets (P > 35 GeV) > 2 [2-4]
pr(j1) [GeV] > 35 > 130
pr(j2) [GeV] > 35 > 50
pr(ja) [GeV] > 35 [35-50]
Agltt > 0.4 > 0.4
b-jets any 2 71 and (j2 or j3 or j4)
mpp [GeV] < 200 > 200
muin [GeV] < 170 > 170
Emiss [GeV] > 200 > 200
mr [GeV] > 140 -
amrs [GeV] < 250 -
Mmeg [GeV] > 300 -
mer [GeV] < 250 > 250
Episs [\ /Hy [GeV /2] > 8 -
EBsS /g - > 0.25

Table 6.11: Scheme of the background estimation strategy for the b1L-SRAx regions and

summary of the definitions. Jets and leptons (electrons or muons) are labelled in

decreasing order in pr.
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2b,1lep
CRttB: VRamt2B:

2 b, 1lep, m,M"<170 GeV

m,,>200 GeV

CRwB: SRB:
1b,1lep M, 1in>200, m,, <200 GeV
CRstB: VRmMbbB:

2 b, 1lep, mm">170 GeV

30<m;<120 GeV

bi1L- CRttB CRstB CRwB
Number of leptons (¢ = e, 1) 1 1 1
pr(¢) [GeV] > 27 > 27 > 27
Niets (pr > 35 GeV) > 2 > 2 > 2
pr(j1) [GeV] > 35 > 35 > 35
pr(j2) [GeV] > 35 > 35 > 35
Aglta > 0.4 > 0.4 > 0.4
b-jets any 2 any 2 any 1
mpp [GeV] < 200 > 200 > 200
muin [GeV] < 170 > 170 < 170
E%liss [GeV] > 200 > 200 > 200
mr [GeV] > 120 [30-120] [30-120]

amrs [GeV] <200 - > 200
Episs [\ /Hy [GeV /2] >8 > 8 > 8
MR (b o, EMisS) [GeV] <200 > 200 > 200
Ag(by, Emiss) > 2.0 > 2.0 > 2.0

Table 6.12: Scheme of the background estimation strategy for b1L-SRB and summary of

the[CR| definitions. Jets and leptons (electrons or muons) are labelled in decreasing order

in pr.
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VR Corresponding [SR Selection changes
b1L-VRamt2A b1L-SRA300 30 < mt < 140 GeV, mpp < 200 GeV
b1L-VRmbbA b1L-SRA300 amra < 250 GeV
b1L-VRamt2B b1L-SRB Ag(by, ERSS) > 2.0, mpp, > 200 GeV
b1L-VRmbbB b1L-SRB Ag(by, ERSS) > 2.0,30 < mr < 120 GeV

Table 6.13: Summary of the used in the one-lepton channel of the analysis. Each
is defined with respect to a specific indicated in the middle column, with modified

selections to reduce the signal contamination, as described in the right column.

6.3.5 Systematic uncertainties

A variety of sources of systematic uncertainties are considered in the present analysis,
as outlined in Section and the final impact in the zero-lepton and one-lepton [SRs]|
is summarised in Table The size of the uncertainties is strongly reduced by the
presence of the which implies that the only relevant variations for the normalised
background processes are those affecting the associated transfer factors (see Equation
in Section rather than the SRl yields.

The dominant sources of experimental uncertainty are the and whose impact
varies depending on the reaching a maximum of 11% in bOL-SRC, and the b-tagging
calibration[SFs] In the latter case, due to the significant amount of mis-tags from charm in
regions with large mcr and amr; (see Figure[6.8), the uncertainty on the c-tagging effi-
ciency plays an important role. The high-pr[MC|based uncertainty evaluated in Chapter
is also included, and contributes to the total flavour tagging uncertainty in Table
The impact of the uncertainties related to leptons, photons and ¥ on the final results
is found to be negligible.

In addition, the modelling of the background processes in the extreme regions of phase
space selected by the analysis is an important source of systematic uncertainty. The
dominant theoretical uncertainty in the bOL regions is related to Z+jets production,
while single top and ¢t (collectively referred to as top production in Table have
the largest impact in the one-lepton channel.

Finally, the experimental and theoretical uncertainties are also evaluated for the expected
signal yields in the The experimental systematics on the bb + EX signals (Figure
are between 15% and 30% depending on the masses, while they range between
10% and 25% for tb + EX** models (Figure in the one-lepton channel, with dom-
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Source \@ bOL-Ax  bOL-B bOL-C blL-Ax blL-B b1L-A300-2j
Experimental uncertainty

JES 2.3-3.4% 5.7% 4.3% 1.2-1.5% 0.9% 6.9%
JER 0.9-3.3% 3.5% 11% 5.3-8.6% 0.9% 4%
Flavour tagging 3.3-4.3% 7.5% 4.7% 6.1-6.3% 2% 6.6%
Theoretical modelling uncertainty

Z+jets 9.6-12.3% 13% 11% - - -

W +jets 3.4-52% 4.7% 7.6% 1.3-1.6% 8.6% 7.9%
Top production 22-31% 6% 3.6% 19% 13% 22%

Table 6.14: Summary of the most relevant experimental and theoretical uncertainties
on the background predictions in each |SR| of the analysis [18]. The uncertainties
are relative to the total background yields, and a range is shown for the multiple
of type A. The individual variations can be correlated, so the total uncertainty on the

background is not necessarily obtained by summing them in quadrature.

inant impact from flavour tagging systematics. The theory uncertainties are dominated
by the variations of renormalisation and factorisation scales, and amount to 15%-25%
for bottom squark masses between 400 GeV and 1100 GeV.

6.4 Results and interpretation

Having described all the relevant aspects of the analysis, it is now possible to present
the final results obtained by performing the likelihood fits described in Section [5.4.3]
Section presents the outcome of the background only fits in the zero-lepton and
one-lepton channels, including the data]MC|comparisons in the[VRs| while the[SRresults
are discussed in Section Since no significant excess beyond the predictions is
observed, the results are interpreted by performing exclusion fits (Section|[6.4.3) starting
from individual fits in each channel to set limits on bb + EX5 and tb + ER models
and continuing with a statistical combination of zero-lepton and one-lepton that

improves the limits on the tb + EX signal.
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6.4.1 Background only fits

A dedicated background only fit is performed for each type of selection in each channel
of the analysis, resulting in three fits in the zero-lepton channel (for the bOL selections
of type A, B and C) and two in the one-lepton channel (for the b1L regions of type A and
B). Each fit provides an estimate of the normalisation factors of the relevant background
processes using the presented in Tables and yielding independent
background predictions in the associated and

The expected background yields from [MC|simulations are shown in Figure for each
in each channel, together with the observed events in data and the resulting normal-
isation factors obtained from the fits. The 17 parameter is generally compatible with 1
within the associated uncertainties with the exception of bOL-CRttC, which requires the
presence of an[ISRjet with high-p and results in a normalisation factor of 0.66 + 0.18.
The u parameter is significantly smaller than 1 in all cases, while the normalisation
factors of W and Z+jets are always larger than 1, possibly due to a mis-modelling of the
heavy flavour jet fractions in the Sherpa[MC|samples [225].

Figure presents the full comparison between the expected and observed yields in
the of each channel of the analysis, using the normalisation factors of the back-
grounds presented in Figure The bottom panel of the figure shows the associated
pulls, defined as the difference between the observed and predicted number of events in
the (nobS and ny,.q) divided by the total uncertainty on the background (o). The ex-
pected yields from the processes are compatible with the data within uncertainties:
the largest discrepancies are observed in bOL-VRttC and b1L-VRamt2A, but the devia-
tion from the background hypothesis is below 20 in both cases, which corresponds to a
sufficient level of agreement between data and predictions. In summary, the results in
Figure confirm the accuracy of the background estimation strategy in the targeted

regions of phase space in all channels of the analysis.

6.4.2 Unblinded SRs

Having verified that the background modelling is accurate in the[VRs| the observed yields
in the are compared to the corresponding background predictions in the zero-lepton
and one-lepton channels of the analysis, as shown in Tables[6.15|and[6.16] The tables in-
clude the number of observed events in each[SR] the total background prediction before
and after the fit and the breakdown of the post-fit background yield in the individual[SM]|
processes, using the normalisation factors in Figure The |SRl pulls, defined equiva-
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Figure 6.18: Results of the background only fits in the associated with the zero-
lepton and one-lepton channels of the analysis [18]. The panels in the figure present
the comparison between the background yields predicted by the simulations and
the observed counts in the highlighting the ratio of the observed and expected
events and the post-fit values of the normalisation factors (1) of each fitted background.
The uncertainty on the [MC|predictions in the top panel includes only the M statistics,
while the normalisation factors are presented taking into account both statistical and

experimental uncertainties.

lently to the [VR| ones and summarised in Figure indicate that no significant excess
beyond the [SM|predictions is present. The largest deviation is observed in b1L-SRA300-
2j, which corresponds to a discrepancy of approximately 1.50 between the background
only hypothesis and the measured data, too low to suggest the presence of any signal.

Together with the total [SR] yields presented in Tables and it is also useful to
examine the distributions of the key discriminating variables in each region, as shown in

Figure[6.21} The distributions are presented after applying all the[SR|selections except the



169 6.4 Results and interpretation
bOL- Signal Region SRA350 SRA450 SRA550 SRB SRC
Observed 81 24 10 45 7
Total background (fit) 70+ 13 22+5 72+£15 377 5.5+ 1.5
Z+jets 46 +12 13.6 +3.7 40+12 200+£52 23+£0.8
tt 20+06 05+02 0.16+£0.07 51£27 08=£03
Single top 4.7+34 12410 0.5+0.3 26+11 07+£0.3
W +jets 15+5 5.0+1.8 244+1.0 55+2.0 1.3£08
Others 25+17 14412 0.07+£003 40£1.1 04=£0.1
Total background (MC exp.) 60.4 18.5 6.2 28 5.4

Table 6.15: Results of the background only fits in the bOL SRs [[18]], based on the corre-
sponding normalisation parameters in Figure The uncertainties on the background

yield predictions include statistical, experimental and theoretical components.

b1L- Signal Region SRA600 SRA750 SRB SRA300-2j
Observed 21 13 69 12
Total background (fit) 24+6 15+4 03 £ 12 6.7£2.3
tt 10+5 5.5+£2.7 16 +7 24+1.3
Single top 7T+4 45+28 10£5 3.3+20
W +jets 0.9£0.5 0.6+£0.3 17+8 04+0.3
ttV 5.4+ 0.6 4.0+£0.5 9+1 0.6 £0.1
Others 0.07 £0.02 0.07 £0.03 1.84+0.3 0.07 £0.02
Total background (MC exp.) 27 17 52 8.4

Table 6.16: Results of the background only fits in the b1L SRs [18]], based on the corre-
sponding normalisation parameters in Figure The uncertainties on the background

yield predictions include statistical, experimental and theoretical components.
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Figure 6.19: Results of the background only fits in the of the analysis, using the
background normalisation factors in Figure [18]. The uncertainty band in the top
panel includes all the variations presented in Section[5.3.4] The bottom panel shows the
observed pulls in each [VR] defined as the ratio of the difference between observed and
predicted yields and the total uncertainty on the [SM|background, including the Poisson

uncertainty.

ones on the displayed variable, and are commonly referred to as N-1 plots. Each figure
includes a histogram corresponding to a relevant signal benchmark model in addition
to the post-fit background distribution and the data, so that the discriminating power of
each variable is highlighted: for this purpose, a bb + E'* signal is chosen for the zero-
lepton(Figures while a tb+ EIs signal is used in the one-lepton channel
(Figures [6.21dH6.21f). An arrow in each plot indicates the cut threshold used to define
the corresponding[SR] whose position is optimised to maximise the signal to background
ratio. A good level of agreement between data and [SM] predictions is observed over the
entire kinematical ranges displayed in each plot, both where the background processes
are expected to be dominant and where the targeted signals are expected to appear.

Finally, the baseline N-1 distribution of mcr in the bOL-SRAx regions shown in Figure
[6-21a]is reproduced in Figure using the Z+jets predictions from the two data-driven
estimates described in Section All three methods yield a good level of agreement
between data and expected backgrounds, and the corresponding predictions of the
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Figure 6.20: Results of the background only fits in the of the analysis, using the
background normalisation factors in Figure [18]. The uncertainty band in the top
panel includes all the variations presented in Section[5.3.4] The bottom panel shows the
observed pulls in each defined as the ratio of the difference between observed and
predicted yields and the total uncertainty on the [SM|background, including the Poisson

uncertainty.

Z+jets yield in the relevant and are found to be consistent, confirming the

robustness of the background estimation strategy of the analysis.

6.4.3 Exclusion limits

Since no significant excess is observed in any of the |[SRs| the results of the analysis are
translated into exclusion limits, both on generic models of new physics and on the bench-
mark signal models shown in Figure[6.1] The limits are obtained by performing exclusion
fits with the CL, method, following the procedure outlined in Section [5.4.2}

Limits on generic signal models

The model independent exclusion limits, which represent the constraints of the analysis

on generic signal models that are able to enter the[SRs| are presented in Table In par-

ticular, the table presents the S, (S5;,) values, which indicate the observed (expected)
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Figure 6.21: Post-fit distributions of mcr in bOL-SRA (a), m%" (j;.4, EF) in bOL-SRB
(b), A in bOL-SRC (c), my,}, in b1L-SRA300-2j (d), meg in b1L-SRA (e), mt in b1L-SRB (f),
where all selections are applied except those on the variables displayed in each plot [18].
The arrows indicate the thresholds of the [SR|selections.
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Figure 6.22: Post-fit N-1 distributions of m ¢ in bOL-SRA where the prediction of the Z
background is obtained from y+jets (a) and from Z plus light jets events (b), as described

in Section .

limit at 95% [CL] on the number of events from [BSM|signals in each[SR| In addition, by
normalising S to the total integrated luminosity of 36.1 fb™!, the upper limit is also
) defined as the product of
the production cross-section, the [SR| acceptance and the detector efﬁciencyﬁ Finally,
the table presents the p, values of the background only hypothesis in each [SR| and the
associated significance 7, as defined in Sectionm

set on the visible cross-section of new physics models (o

vis

Limits on the b from the individual channels of the analysis

In addition, exclusion limits are specifically set on the two signal models targeted by
the present analysis, which consist in a pair-produced sbottom that decays either exclu-
sively to bx!, yielding the bb + EX'* final state in Figure or to by! and ty; with
50% @ each, as represented by the asymmetric tb + E scenario in Figure under
the assumption of Am(x{, X¥}) = 1 GeV. A variety of different mass hypotheses on the b
and the y! are considered for both types of models, covering a large area in the M=o
plane.

The bb + EIS scenario is targeted exclusively by the in the zero-lepton channel,
because no lepton is produced in the decay chain. The exclusion limit in the m-myo

plane is shown in Figure [6.23] where for each point in the parameter space the |SR| that

3The acceptance is defined as the fraction of the total signal events that satisfy the @ selections at
truth level, while the detector efficiency is defined as the number of reconstructed signal events in the@
divided by the correspondingyield at truth level.
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Signal channel (cAc)% [fb] S Sooy po (Z)

bOL-SRA350 1.06 38.2 30.9%3%%  0.28 (0.60)
bOL-SRA450 0.43 15.6 13.973%  0.37(0.34)
bOL-SRA550 0.30 10.7  7.8737  0.20(0.85)
bOL-SRB 0.72 26.1 19.973%  0.23(0.74)
bOL-SRC 0.24 8.7  6.8%93  0.30(0.54)
b1L-SRA300-2; 0.39 141 9.3%37  0.08(1.43)
b1L-SRA600 0.38 13.6 14.8757  0.50 (0.00)
b1L-SRA750 0.27 9.9 11.2739  0.50 (0.00)
b1L-SRB 1.12 40.3  28.773%7  0.21(0.80)

Table 6.17: Model independent exclusion limits of the analysis [18]. The first two

95
obs)

columns show the 95% |CL|observed upper limits on the visible cross-section ({(¢Ac)
and on the number of signal events (S5.), while the third column shows the upper limit
given the expected number of background events (S?fp) and its =10 variations. Finally,

the p, values of the background only hypothesis (with maximum value truncated at 0.5)

and the associated significance Z are included.

yields the best expected CL; is used. The exclusion contour of the present analysis is
superimposed to the result of the previous searches described in Section that are
significantly extended thanks to the larger size of the dataset and the optimised analysis
strategy. As previously shown in Figure the best sensitivity to signals with large
mass splitting between the b and the %! is obtained with the bOL-SRA regions, while
the intermediate and small mass splittings are targeted by bOL-SRB and bOL-SRC. The b
is excluded up to 950 GeV for \! masses below 420 GeV, while the constraints are less
stringent in the compressed region of the mass plane.

Unlike the bb+ EIi5, the tb+ Es* scenario is significantly constrained by both channels
of the analysis. The one-lepton are sensitive to this model by construction, because
they are specifically optimised for it, but the zero-lepton are also able to provide a
significant sensitivity by exploiting orthogonal subsets of events from the same signal
samples. In particular, the sensitivity of the zero-lepton comes primarily from the
fraction of events with bb + EX* signature, that correspond to 25% of the total events
in the signal with mixed decay, but also from the asymmetric tb+ E'* events (and even

from the ¢t + E*5 ones) when the top quarks decay hadronically, despite the [SR!selec-



175 6.4 Results and interpretation

Bottom squark pair production, 51 —-b %?
;‘ T | T T T | T T T ‘ T T T | T T T | T T T | T
8 c S5 Observed limit (+1.0p257)

>
=
>
(7

------ Expected limit (+1 o,,,) 3
(s=13 TeV, 36.1 fb" 3

ATLAS ET™ + 2 brjets, 3.2 b ", ¥5=13 TeV.

700
Best bOL SR
600
500
400
300

200

100

R

ki 1 1 1 | 1
200 400 600 800 1000 1200
m [GeV]

Figure 6.23: Exclusion limits on a pair-produced b decaying into a bx? pair with 100%
based on the zero-lepton [SR| that yields the largest expected CL, for each signal
model [18]].

tion on the maximum number of signal jets, which is not optimal for the experimental
signature of this signal.

The exclusion limits of the zero-lepton and one-lepton [SRs|on the mixed signal scenario
are shown in Figure where the |SR| with the best expected CL; is used for each
benchmark model, as indicated in the plots. The zero-lepton that yield significant
constraints are the two bOL-SRA selections with low and intermediate mcr threshold
(bOL-SRA350 and bOL-SRA450) and bOL-SRB, while the acceptance of the mixed signal
in bOL-SRA550 and bOL-SRC is too low to obtain a sufficient sensitivity. In the one-lepton
channel, as already shown in Figure each SR has an optimal performance in a spe-
cific region of parameter space, with the exception of b1L-SRA300-2j which is known
to have a lower sensitivity to the model under exam. The exclusion contours obtained
from the two channels are comparable for signals with large mass splitting between the
b and the x?, while the zero-lepton selections set stronger limits in the compressed signal
scenario, where the one-lepton[SRs|rapidly lose their sensitivity because the boost of the

lepton from the signal decay chain is strongly reduced.
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Figure 6.24: Exclusion limits on a pair-produced b decaying into bx? or t¥7 with 50%
each, based on the zero-lepton (a) and one-lepton (b)|SR|that yields the largest expected
CL; for each signal model [18].

Statistical combination of zero-lepton and one-lepton SRs

Since the zero-lepton and one-lepton have a similar sensitivity to the mixed decay
scenario of the l~), it is reasonable to perform a statistical combination of the two chan-
nels to further extend the exclusion limits of the analysis. In particular, the to be
combined are chosen based on the region of parameter space where they yield the best
performance, as determined from the plots in Figure The following three indepen-

dent combinations are defined:

Comb-A-LowMass (A-LM) Statistical combination of bOL-SRA350 and b1L-SRA600,

targeting intermediate mass splittings in the m;-myo plane.

Comb-A-HighMass (A-HM) Statistical combination of bOL-SRA450 and b1L-SRA750,

targeting large mass splittings in the m;-myo plane.

Comb-B Statistical combination of bOL-SRB and b1L-SRB, targeting the compressed re-

gion in the mj-myo plane.

Each of the above combinations is performed by running exclusion fits which include
simultaneously the two input[SRs|and the associated sets of] In practice, this is done
by multiplying the likelihood functions of the exclusion fits of the individual channels,
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maximising the resulting likelihood with respect to the full set of parameters.

The statistical combination can only be performed using orthogonal [SR]selections, while
the can be chosen to be either fully orthogonal or fully overlapping. In the former
case two independent normalisation factors are used for each background process in
the two channels, while in the latter case the same normalisation factors are employed
in both The choice of common would reduce the total number of parameters
used for the background estimation, but it is not optimal if the are defined with
a different set of discriminating variables, because the resulting extrapolation
would increase. This is the reason why, in the present analysis, it was chosen to keep
an orthogonal set of for the bOL and b1L regions, with the only exception of bOL-
CRstA, which is used in both channels of the analysis to constrain the normalisation of
the single top background.

The A-LM and A-HM combinations are based on the regions defined in Tables [6.7| and
[6.11]where, as anticipated, the[CRs|are all mutually orthogonal with the exception of bOL-
CRstA. A minor ambiguity comes from the fact that a single y5; must be used in both
regions, while the corresponding values in the individual fits are different (0.49 £ 0.23
in the bOL fit and 0.64 4= 0.25 in the b1L fit, as shown in Figure but the impact on
the final results is found to be negligible. Finally, the implementation of the combined fit
of bOL-SRB and b1L-SRB is straightforward, because the and (defined in Tables
and|6.12) are all mutually orthogonal.

The results of the statistical combination are shown in Figure where the combined
fit yielding the best expected CL; is used for each benchmark model in the mj-m o plane.
The combined limits extend the limits from the individual channels by approximately 50

GeV in m;, and b masses up to 860 GeV are excluded for )2(1) masses below 250 GeV.

6.5 Summary

This chapter presented the results of a comprehensive search for b pair production based
on 36.1 fb~! of proton-proton collision data at /s = 13 TeV. Events are selected with
large EX's5, two b-tagged jets and either no lepton or one lepton, targeting the symmetric
and mixed signals shown in Figure and no significant excess is observed above the
expected background from processes. The results are interpreted by setting strin-
gent exclusion limits, that reach b masses up to 950 (860) GeV for %¥ masses up to 420
(250) GeV for the symmetric and mixed signal models. As explained in Section[6.1.2] the
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Figure 6.25: Exclusion limits on a pair-produced b decaying into bx? or tx; with 50%
each, using the statistical combination of zero-lepton and one-lepton [SRs| that yields
the largest expected CL, for each signal model [[18]].

constraints can be equivalently applied to ¢ pair production due to the assumption on
Am(x{,x?) = 1 GeV. The present analysis improves significantly the constraints on

third generation squarks from previous Run 1 and Run 2 searches.
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7 | Search for top squarks with RPV

decays into b-£ pairs

The final topic covered in this thesis is a search for a pair produced # in the context of
the minimal B — L models introduced in Section where a leptoquark-like
decay of the { into a b-quark and a charged lepton (e, p or 7) is assumed. As described
in Appendix[A]l during my PhD I have been involved in the analysis with a leading role,
participating to the development of all its major aspects and contributing to the publi-
cation of the results with 36.1 fb~! of data at /s = 13 TeV [19]. This chapter begins
by describing the signal process of interest in Section[7.1} and continues with a detailed
discussion of the event selection techniques and the |[SR| definitions in Section The
background estimation strategy, based on the definition of for the dominant
processes, is described in Section while Section [7.4] presents the final results of the

search.

7.1 Top squarks in the B - L MSSM
As introduced in Section the # represents a viable candidate in RPV [MSSM|

models with broken U(1)z_ symmetry, with dominant decay into b-¢ pairs. In partic-
ular, the [BR| of the decay into different lepton flavours (indicated as BR(e), BR(x) and
BR(7) for the b-e, b1 and b-7 decays) can be related to the neutrino mixing parameters,
under the assumption that the symmetry breaking occurs through the VEV of right-
handed sneutrinos [51]]. The results of a scan of parameters, shown in Figure
in the BR(e)-BR(7) plane, indicate that the [BR| of the  decay into a b-¢ pair may reach
100% if an inverted mass hierarchy is assumed, while for a normal mass hierarchy the

BRlinto b-7 may be as large as 90%.
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Figure 7.1: Benchmark signal model targeted by the analysis in Chapter [7, with a pair-
produced stop decaying into b-¢ pairs through an coupling.

7.1.1 Signal benchmark

The experimental signature of the signal model is illustrated by the diagram in Figure
previously shown also in Figure[5.7a} The final state contains two oppositely charged
leptons and two b-jets, and the b-¢ pairs in each decay leg are expected to reconstruct
the invariant mass of the ¢. Contrarily to the b signals studied in Chapter@, the present
model yields no EI*'* in the events, because no invisible particles are produced in the
decay chain.

samples are generated for # masses between 600 GeV and 1.6 TeV, based on a simpli-
fied model approach where the ¢ decays exclusively as in Figure [7.1/and no other
particle is considered. The BR|of the # decays into b-¢, b-y and b-7 is set to 1/3 each, so
that a large sample of simulated events is available for all combinations of lepton flavours
in the final state, with BR(e) + BR(u) + BR(7) = 1. Signal samples with any value
of BR(e), BR(y) and BR(7) with unit sum are obtained through a dedicated reweighing
procedure based on the truth information in the[MC|samples, where the relative normal-
isation of different sub-sets of events is rescaled according to the flavour of the leptons
in the two decay legs. The selections of the present analysis are designed to target only
final states with electrons and muons, split by flavour into the e-e, e-p, and -1 channels,
while signal events with 7 leptons are only used for the interpretation of the results (see
Section [7.4).
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7.1.2 Previous results

The analysis in this chapter is the firstATLAS|search targeting the signal in Figure[7.1]at
/s = 13 TeV, while the only previous result on the same model is a Run 1 analysis per-
formed with 20.1 fb~! of data at /s = 8 TeV, made public only in the form of an
conference note [226]]. Other searches by [ATLAS|[227] and [CMS]|[228] have targeted the
pair production of first, second and third generation leptoquarks (LQ) at /s = 13 TeV,
but they have focused on the LQ decays into pairs of particles of the same generation
(j-e, j-p, b-1, where j indicates a light jet) without covering the b-e and b-; cases.

In summary, the only exclusion limits set by experiments on the signal model tar-
geted by the present analysis are those from the Run 1 result in Ref. [226], and
are shown in Figure [7.2|as a function of the # mass in the BR(e)-BR(7) plane. Similarly
to what is done in the present search, the Run 1 result was optimised only for the b-e
and b-y1 decays of the ¢, while no have been implemented for the b-7 decay. A mass
limit of 500 GeV is obtained for BR(7) values up to 80%, while the limit reaches 1 TeV
for BR(e) = 100%.

The Run 1 analysis is used as reference for the search described in the present chapter,
which is designed to target £ masses between 600 GeV and 1.6 TeV. Mass values below
600 GeV are indeed strongly constrained by the results in Figure while # signals

heavier than 1.6 TeV cannot be probed due to the low production cross section.

7.2 Event selection

This section presents a full discussion of the event selection strategy of the analysis, op-
timised for the signal benchmark process in Figure 7.1} with BR(e) = BR(x) = 50%. A
preliminary set of selections based on the expected experimental signature of the model

is introduced in Section|7.2.1} while Sections and present the list of the relevant

discriminating variables and the corresponding [SR|selections.

7.2.1 Preliminary selections and background composition

The decays of a pair-produced ¢ into b-¢ and b-y pairs yield events with two b-jets and
two leptons, that can be classified in the e-e, e-p and -y channels. A preliminary sample
of candidate events is obtained using a logic OR of the single electron and muon triggers
introduced in Section together with the standard set of event cleaning selections
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Figure 7.2: Observed limits on the mass of a pair produced ¢ decaying into b-¢ pairs in
the the BR(e)-BR(7) plane with BR(e)+ BR(u) +BR(7) = 1, obtained from a dedicated

Run 1 search .

described in Section In addition, the events are required to contain a minimum of
2 signal leptons (e or p) with pr > 40 GeV, where the leading two must have opposite
charge, and at least 2 signal jets with a py threshold of 60 GeV, that are needed to repro-
duce the experimental signature of the signal in Figure

As further discussed in Section [7.2.3] events with more than two jets or leptons are not
vetoed in the to avoid an unnecessary reduction of the signal acceptance. In signal
events it is reasonable to assume that the two leptons and the two jets from the decay
of the pair-produced  correspond to the leading two leptons and jets in pr, because the
decay products of the heavy ¢ signals under exam carry a significant momentum, whose
average value is approximately given by m;/2. Events with more than two signal lep-
tons are rare and have a low impact on the yield predictions, while the jet multiplicity
has a wider distribution due to extra hadronic activity produced in association with the
objects in Figure The assumption that the two leading jets in py represent the two
b-jets produced in the ¢ decays is verified using the truth information from the sam-
ples, and is valid in 65-75% of signal events for { masses between 600 GeV and 1.6 TeV,
with larger percentages in heavier ¢ signals. Based on this, the relevant discriminating
variables of the analysis are computed using the two leading leptons and jets in each
event, as further described in Section [7.2.2]
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Analysis objects Selections

Trigger Single lepton (e or p)

Signal leptons (e/ 1) > 2, pr > 40 GeV, leading 2 oppositely charged
Signal jets > 2, pr > 60 GeV

b-jets (77% fixed cut|WP > 1 among the two leading jets

Table 7.1: Preliminary event selections of the analysis, in addition to the event cleaning
requirements described in Section m

Finally, despite the fact that the two signal jets from the ¢ decays originate from b-
quark hadronisation, the b-tagging requirement at preselection level is limited to >1
b-tag among the two leading jets, because otherwise the low efficiency of the MV2c10
algorithm at high pr (discussed in detail in Chapter [4) would cause a significant loss of
signal acceptance.

The summary of the preliminary event selections of the analysis is presented in Table
while Figure|7.3[shows the breakdown of the expected background yield in the Same
Flavour (SF) channels (e-¢ and p-p4) and in the Different Flavour (DF) channel (e-11). No
significant discrepancy is observed between the background composition in the e-e and
i~ channels, while in the DF channel the fraction of Z+jets events becomes negligi-
ble. The dominant[SM|process is t¢ production, plus a relevant fraction of Z+jets events
in the SF channels, while the remaining background processes have a lower impact at

preselection level.

7.2.2 Discriminating variables

The present section provides an overview of the key discriminating variables that are
used to define the of the analysis, based on the preliminary event selections in Table
All variables are implemented under the assumption that, in signal events, the two
jets and the two leptons with highest pr represent the four direct decay products of the
t pair, labelled as by, by, ¢; and /5 in decreasing order in pr. The list of discriminating
variables includes the invariant masses of different b-¢ pairs in the events, plus other

event-level quantities that exploit the kinematical properties of the signal.
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Figure 7.3: Background composition after the preliminary events selections described in
Table[7.1]in the e-¢ (a), e~y (b) and ji-1 (c) channels, determined using simulations.

Invariant masses of b-£ pairs

An effective separation between signal and background events is obtained using a set of
variables related to the invariant masses of the b-¢ pairs, formed by combining the two
leading jets and leptons in the events. In order to employ these variables, it is necessary to
implement a pairing algorithm that determines which of the two possible combinations
of input objects (b ¢; and byls, or by {2 and byl;) corresponds to the two decay legs of the
targeted signal. The algorithm exploits the fact that the invariant masses of the b-¢ pairs
from the two legs are expected to be similar, because in signal both pairs originate from
the decay of a #, and the correct combination is selected by minimising the invariant
mass asymmetry:

e (my, — mé@) (7.1)
(Mg + i)

where m}, and m;, represent the invariant masses of the two b-/ pairs for a given com-
bination, labelled such that mj, > mj,.

The my,”™ associated with the b-/ pairs selected by the algorithm is used as a key discri-
minating variable in the analysis, because signal events yield a smaller invariant mass
asymmetry than the dominant [SM]backgrounds, as confirmed by the shape comparison
in Figure[7.4a] In addition, two important variables are the leading invariant mass of the
b-{ pair selected by the pairing algorithm, m,, and the sub-leading invariant mass of
the rejected b-/ pair, m},(rej), whose distributions are shown in Figures andin
the same signal and background processes. In particular, my, is able to reconstruct the

value of the # mass in signal events with remarkable accuracy, while m},(rej) yields no
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Figure 7.4: Distributions of mj,”™

(a), mY, (b), m},(rej) (c) and HY after the prelimi-

nary event selections in Table [7.1| for t¢, Z+jets and two signals models with BR(e) =
BR(p) = 50% and  masses of 600 and 800 GeV.

peak in signal but can be used to obtain a significant suppression of the[SM|backgrounds,
especially when applied to .
Other variables

Together with the invariant mass variables described above, the following quantities are

also employed:
HPE® A variation of the jet-based Hr introduced in Section is defined as follows:

HY = ol +pF + pf 4+ 02 (7.2)
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using the leading two jets and the leading two leptons in each event. As illustrated
by the shape comparison between signal and background processes in Figure
the values of HY are expected to be significantly larger in signal events, where
the four objects included in the computation originate from the decay of heavy

particles.

mye The invariant mass of the leading two leptons is employed in the e-e and -y chan-
nels of the analysis to suppress Z+jets events, where it reconstructs the mass of
the Z boson.

mct The contransverse mass mcr, previously defined in Equation is computed in
the present analysis using the two leading jets in the events, and is used for the
definition of a|CR|for single top production as further described in Section

7.2.3 Signal Region definitions

The kinematical distributions in Figure [7.4| show that the set of discriminating variables
introduced in Section can be used to obtain a major suppression of the back-
grounds whilst retaining a large fraction of signal events, allowing to define sen-
sitive to heavy { models with low cross sections. In order to target these models, the
SRs| must necessarily be defined with large signal acceptance and detector efficiency
(previously defined in Section [6.4.3), which means that any selection that would cause
a non-negligible loss of signal events should be avoided even if it is coherent with the
properties of the signal process of interest. For example, while it would seem natural to
select events with two b-jets based on the experimental signature of the  signal under
exam, the b-tagging requirement in the is relaxed to >1 b-tag (with 77% fixed cut
[WP) among the two leading jets to cope with the low efficiency of the MV2c10 algorithm
at high jet pr, particularly significant in processes where the b-jets are not initiated by
the decay of a top quark (see Figure [4.14).

The detail of the [SR| selections is summarised in Table [7.2] which includes also the [CRs
and [VRs|further defined in Sections and[7.3.2] A common selection of mj,"™ < 0.2
is applied to all regions to select events with signal-like properties, while the dominant
backgrounds are suppressed by requiring H% > 1 TeV, m},(rej) > 150 GeV and
mge > 300 GeV, obtaining a sample of events where the leading two leptons and jets in
pr are strongly boosted. Finally, two overlapping are defined with mJ, > 800, 1100
GeV, and are labelled as SR800 and SR1100.
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all: 22 lep

. - CRtt: SRx:
>1 b, m<200 GeV* m,°>x GeV
VRHT, :
v HT,>800 GeV

' CRst: VRmb|0:
Single top =2 b, m>200 GeV m,,°>500 GeV
VRm,}(rej):

VRZ:
=0 b, m>300 GeV

Top pair plus V a

W-jets I (|, (rcj)>150 GeV

Diboson

Region Ny mgz [GeV] H%e [GeV] méz(rej) [GeV]  my [GeV]  mcT [GeV]
SR800 >1 > 800 > 1000 > 150 > 300 -
SR1100 >1 > 1100 > 1000 > 150 > 300 -
CRst =2 [200,500] < 800 < 150 > 120 > 200
CRtt >1 [200,500] [600,800] < 150 > 300 < 200"
CRZ >1 > 700 > 1000 - [76.2,106.2] -
Vngg >1 > 500 [600,800] < 150 > 300 -
VRm},(rej) | > 1 [200,500]  [600,800] > 150 > 300 -
VRH%E >1 [200,500] > 800 < 150 > 300 -
VRZ =0 [500,800] > 1000 > 150 > 300 -

Table 7.2: Summary of the definitions of the |SRSI, |CRs| and |VRS| of the analysis, after
the preliminary event selections in Table In addition to the above selections, a

requirement of m;,”™ < 0.2 is applied to all regions. The my; selection is used only

in the e-e and p-p channels of the analysis, while the mcr selection in CRtt is only
applied to events with exactly two b-jets to ensure that the region is orthogonal to CRst,

as indicated by the * in the tables.
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Figure 7.5: Background composition in the e-¢ (a), e-p (b) and p-p (c) channels of SR800,
determined using [MC]| simulations.

The breakdown of the background yields in the e-e, e-p1 and p-p channels of SR800 is
presented in Figure to be compared with the corresponding preselection diagrams
in Figure The fraction of the single top and diboson events in SR800 is significantly
enhanced with respect to the corresponding impact at preselection level, while the con-
tribution from ¢t production is reduced. It is important to mention that the overall back-
ground prediction in SR800 amounts to ~ 5 events, and is further lowered to ~ 1 event
in SR1100 (see Table [7.5), resulting in a relatively large uncertainty from statistics
on the yield predictions of the individual background processes.

Table [7.3| presents the SR800 and SR1100 signal cutflows for three alternative values of
the £ mass (m; = 800, 1200, 1500 GeV) and for a mixed decay scenario with BR(e) =
BR(x) = BR(7) = 1/3. The table confirms that the individual selections are highly
efficient when applied to the signal models under exam, with the exception of the mJ,
selection, whose efficiency depends on the relative difference between the cut threshold
and the £ mass. The large overall selection efficiency of the has a positive impact on
the sensitivity of the analysis to heavy ¢ signals with low production cross sections, as
further discussed in Section [7.4.2]

7.3 Background estimation

Similarly to what is done in the b search in Chapter EI, the normalisation of the domi-
nant [SM] backgrounds is derived from a set of and the accuracy of the background
predictions is tested in The summary of the [CR| and [VR| definitions is shown in
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Selection m; = 800 GeV yield (eff) | m; = 1.2 TeV yield (eff) | m; = 1.5 TeV yield (eff)
Total (36.1 fb~1) 1022 57 9
Production filter 737 (72.0%) 42.6 (73.8%) 6.9 (74.7%)
Trigger 705 (95.7%) 41.0 (96.3%) 6.7(96.3%)
Jet cleaning 704 (99.9%) 40.9 (99.8%) 6.7 (99.8%)
Muon cleaning 704 (100.0%) 40.9 (100.0%) 6.6 (100.0%)
2 signal leptons 385 (54.7%) 21.7 (53.0%) 3.5 (52.2%)
Trigger matching 385 (99.8%) 21.6 (99.8%) 3.5 (99.8%)
Opposite-charge ¢ 375 (97.5%) 20.9 (96.8%) 3.3 (96.5%)
2 signal jets 363 (96.9%) 20.6 (98.2%) 3.3 (98.7%)
> 1 b-tagged jets 285 (78.5%) 14.3 (69.6%) 2.0 (62.3%)
mi™ < 0.2 245 (85.8%) 12.2 (85.3%) 1.8 (86.3%)
HY > 1000 Gev 228 (92.9%) 12.1 (99.4%) 1.8 (99.7%)
mee > 300 GeV 199 (87.6%) 11.5 (94.6%) 1.7 (96.4%)
mi,(rej) > 150 GeV 195 (97.8%) 11.4 (99.4%) 1.7 (99.9%)
mY, > 800 GeV 81.2 (41.6%) 10.7 (93.4%) 1.6 (96.3%)
mY, > 1100 GeV 4.4 (2.3%) 8.4 (73.6%) 1.5 (89.5%)

Table 7.3: Cutflow tables for the inclusive SR800 and SR1100 regions, showing the
expected yields and the relative efficiencies at each selection stage for three signal sam-
ples with m; = 800, 1200, 1500 GeV and for BR(e) = BR(x) = BR(7) = 1/3 [229]. The
production filter is a technical step that applies a basic trigger requirement and selects
events with at least two electrons or muons with loose pr and 7 thresholds (uncalibrated
pr > 9 GeV and || < 2.6). The relative efficiencies for the m), > 1100 GeV selection

are shown with respect to the m},(rej) > 150 GeV requirement.

Table [7.2 together with the previously defined while a detailed description of their
features is provided in Sections and

7.3.1 Control Regions

Based on the [SR|background composition shown in Figure[7.5] three are employed
to measure the normalisation factors of single top, ¢ and Z production, while the dibo-
son, tt + V, and W backgrounds are estimated directly from simulation. The

definitions are described below:



190 7.3 Background estimation

CRst A first[CR|is defined for the single top background, which is dominated by the

CRtt

CRZ

Wt channel illustrated by the diagram in Figure The [SR|selections on HY,
my, and mj,(rej) are reversed as detailed in Table while the my, threshold
is lowered to 120 GeV, yielding a large data sample dominated by top produc-
tion and with negligible contamination from signal events. In addition, due to the
higher cross section of ¢t production compared to single top, an extra selection on
the contransverse mass mcr (introduced in Section is necessary to improve
the single top purity in CRst, by exploiting the known kinematical endpoint in ¢
events. Since the endpoint is only present if the variable is computed with the two
b-jets from the top decay, the b-tagging selection in CRst is applied to both leading
jets in the events, while the remaining jets are required to be light. The perfor-
mance of mcr is illustrated by its N-1 distribution in CRst, shown in Figure [7.6a}
a fraction of single top events above 55% is observed for mcr > 200 GeV, which
corresponds to the [CR|threshold.

A for ¢ production is defined by inverting the H%, m?, and m},(rej) require-
ments with respect to theSR| similarly to what is done in CRst. In addition, an up-
per bound on mcr is applied specifically to the events where two b-tagged jets are
present, to ensure that CRtt and CRst are mutually exclusive. Figure shows
the N-1 distribution of mj,(rej) in CRtt, which confirms that the majority of ¢t
events lie below the [CRl threshold.

Finally, a |CR|for Z+jets production is defined by selecting events with invariant
mass myy close to the mass of the Z boson. The remaining |SR|selections are left
unchanged, with the only exception of mQ, which is relaxed to > 700 GeV to
enhance the CRZ event yield.

7.3.2 Validation Regions

Four mutually exclusive are implemented to verify the extrapolation in dif-
ferent regions of phase space, as detailed in Table Three of them are designed to test
the extrapolation from CRst and CRtt to the in the mY,, m},(rej), and HY variables,
and are labelled accordingly as VRmy),, VRm},(rej) and VRHY. The background yield in

these is generally dominated by ¢, with a non-negligible contribution of single top

in VRm;,(rej), and the region definitions are optimised to minimise the contamination

from signal events.
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Figure 7.6: Kinematical distribution of mcrin CRst (a) and mj},(rej)in CRtt (b) where all
selections are applied except the one on the displayed variable [[19]. The background
normalisations are derived from the background only fit, and the arrows indicate the
threshold of the [CR|selections.

In parallel, a fourth [VR|is defined to test the extrapolation on the di-leptonic invari-
ant mass from CRZ, where the Z peak is selected, to the where a requirement of
mge > 300 GeV is present. This is done by selecting events with no b-tagged jets, obtain-
ing a simultaneous suppression of signal and top production processes, while keeping
the remaining selections close to the corresponding ones in CRZ and in the SRs.

The kinematical distributions of mY,, mi,(rej), H5 and my, are shown in Figure 7.7/ in
the four[VRs|described above, using the normalisation factors of ¢, single top and Z pro-
duction derived from the corresponding|[CRs| Good agreement is observed between data
and |SM| predictions in all confirming the accuracy of the background estimation in
the regions of phase space targeted by the analysis.

7.3.3 Systematic uncertainties

The impact of the dominant experimental and theoretical systematics in the of the
analysis is presented in Table based on the sources of uncertainty introduced in
Section5.3.4

The size of the variations caused by experimental effects is found to be at most 10%,
where the dominant sources include b-tagging, and lepton reconstruction. The
uncertainty on modelling of the backgrounds has a larger impact, up to 45% relative to
the total background yield for ¢ in SR1100, due to the finite amount of statistics in
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Figure 7.7: Kinematical distributions of mQ, in VRmY, (a), m},(rej) in VRmj},(rej) (b), HY
in VRH (c) and my, in VRZ (d) after the background only fit .

the tight region of phase space selected by the [SRs]

It is important to mention that, due to the low background predictions in both of
the analysis (see Table , the above variations do not exceed the size of the Poisson
uncertainty on the expected [SM]yields, so the sensitivity of the search is not spoiled by
their presence.

Finally, the dominant uncertainty on the expected signal yields is related to the cross

section calculation, and ranges between 13% and 27% for { masses between 600 GeV

and 1.6 TeV [179].
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Source \ Region SR800 SR1100

Experimental uncertainty

b-tagging 3% 5%
Jet energy resolution 2% 10%
Jet energy scale 1% 3%
Electrons 1% 4%
Muons 1% 3%
Theoretical modelling uncertainty

IMC| statistical uncertainty 8% 17%
tt 8% 45%
Single top 21% 22%

Table 7.4: Summary of the dominant experimental and theoretical systematics in SR800
and SR1100 before the background only fit, quoted relative to the total pre-fit MC|back-
ground predictions [19]. The individual variations can be correlated, so the total uncer-

tainty on the background is not necessarily obtained by summing them in quadrature.

7.4 Results and interpretation

Similarly to the b search in Chapter El, the results of the analysis are obtained by per-
forming a background only fit (Section [7.4.1) and, in the absence of a significant excess
beyond the [SM] predictions, by setting exclusion limits on generic BSM| models and on

the benchmark signal in Figure [7.1] (Section [7.4.2).

7.4.1 Background only fit

The predictions in the and of the analysis are derived by performing a
background only fit in the three defined in Section which yields the following

normalisation factors for the single top, ¢ and Z processes:

o jug = 1.10 £ 0.27.
e iz = 0.94 & 0.06.

. 1y =122+0.18.
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The final results are summarised in Table where the observed counts and the post-
fit predictions in SR800 and SR1100 are shown together with the breakdown of the
yields in the different lepton flavour channels. No significant excess is observed in the
SRst only 2 events are found in SR800, both in the symmetric p-i1 channel, and one of
them passes also the SR1100 selections.

The kinematical distributions of my,, mg,>™, HY, mg, and m},(rej) in SR800 are shown
in Figure [7.8in the usual N-1 format, where the selection on the displayed variable is
removed and is indicated by an arrow. The event observed in SR1100 is found to have
a particularly large value of HY, which is caused by the presence of a high-pr muon

whose measured momentum carries a large uncertainty.

7.4.2 Exclusion limits

Together with the expected and observed yields in each Table also shows the
corresponding model independent limits on the number of events from generic BSM|
processes, as well as those on the visible cross section o;s previously defined in Section
In addition, exclusion limits are specifically set on the signal model in Figure
using the CL; method introduced in Section by considering different  masses and
different values of BR(e), BR(x) and BR(7) with unit sum.

Figure [7.9) shows the exclusion contours in the BR(e)-BR(7) plane for various ¢ mass
hypotheses, obtained using the best expected CL; among the inclusive and individual
e-e, e-j1 and p-p channels of the for each signal benchmark. Models with BR(7) up
to 80% or more are excluded for ¢ masses in the 600-1000 GeV range, while the limits
reach £ masses up to 1.5 TeV for larger values of BR(e) and BR(1z). The weak constraints
at large BR(7) are due to the absence of with 7 leptons, while the limits are slightly
stronger for large BR(e) compared to large BR(u) due to the higher efficiency of the
single electron triggers.

The remarkable performance of the analysis is confirmed by the ability to exclude signal
models with # masses up to 1.5 TeV, that have a total production cross section of 0.26 fb
(£24%) [179]] which translates into a nominal yield prediction of only 9 events in the full
36.1 fb~! dataset. This means that the[SR|selections are able to remove almost completely
the backgrounds with a small impact on the signal acceptance, as already indicated
by the signal cutflows presented in Table For reference, the analysis in Chapter [6]is
sensitive to b masses up to about 1 TeV (see Figure , corresponding to a cross section
of 6.1 fb (£16%) and a total expected yield of around 220 events. The better sensitivity
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SR800

inclusive ee et i
Observed yield 2 0 0 2
Total post-fit bkg yield 52+14 1.8£0.5 21+0.8 1.35+£0.32
Post-fit single top yield 20x+1.3 0.6 0.4 1.1£0.7 0.32£0.20
Post-fit Z yield 1.40 £0.33 0.80 + 0.24 0.01 £0.01 0.59 +0.14
Post-fit t¢ yield 1.0£0.5 0.27+0.14 0.54 +0.25 0.21 £0.10
Post-fit diboson yield 0.64 £0.23 0.14 £0.05 0.31 £0.12 0.19 £0.08
Post-fit ¢tV yield 0.12+0.03  0.01£0.01  0.07£0.02  0.04 £0.02
Post-fit W yield 0.03 £0.03 - 0.04 £ 0.04 -
Total MC|bkg yield 494+1.2 1.7+ 04 20+£0.7 1.23 £ 0.28
5% 6.473:0 4.1+18 4.0722 3.978
S9%. 4.0 3.0 3.0 4.8
oyis[fb] 0.11 0.08 0.08 0.13

SR1100

inclusive ee e i
Observed yield 1 0 0 1
Total post-fit bkg yield 1.2758 0.51%05 0.4475:3 0.22 +0.13
Post-fit single top yield 0.32£0.29 0.11 £0.10 0.21£0.19 -
Post-fit Z yield 0.47+0.15 0.28 £0.10 - 0.19£0.11
Post-fit tf yield 0.21195° 0.06132¢ 0.1379-34 0.01+9:93
Post-fit diboson yield 0.13+0.05  0.06£0.03  0.07+0.03  0.01£0.01
Post-fit ¢tV yield 0.03 £0.01 - 0.01+£0.01  0.01£0.01
Post-fit I yield 0.017503 - 0.01+5:92 -
Total MC|bkg yield 11758 0.467033 0.437539 0.18 £ 0.10
8% 3.9%22 3.0%08 3.0008 3.179¢
S9%. 3.9 3.0 3.1 4.1
oyis[fb] 0.11 0.08 0.08 0.11

Table 7.5: Summary of the results of the analysis in SR800 (top) and SR1100 (bottom)

after the background only fit, for the inclusive and individual flavour channels [19]]. The

tables include the expected and observed limit on the number of signal events (S22 and

395

obs

exp

) and the observed limits on the visible cross sections (o) of generic W models.
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Figure 7.8: Kinematical distributions of mj, (a), mj,”™ (b), H% (c), my (d), and mj,(rej)
(e) in SR800 after the background only fit, where all selections are applied except the
one on the displayed variable . For comparison, the signal models generated with ¢
masses of 900, 1250, and 1600 GeV and with 50% @into b-e and b-p are included.
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Figure 7.9: Expected and observed limits at 95% |CL| on the ¢ signal in Figure |7.1]in the
BR(e)-BR(7) plane with BR(e)+BR(u) +BR(7) = 1, for  masses between 600 GeV and
1.5 TeV [[19]. For each combination of BR(e), BR(x+) and BR(7) under exam, the limits
are based on the best expected CL, among the different flavour channels of the

of the present search is achieved thanks to the striking properties of the targeted signal,
already highlighted by the kinematical distributions in Figures|7.4|and

Finally, the information from the individual plots in Figure [7.9|is summarised in Figure
which shows the highest # mass excluded for each reference point in the BR(e)-

BR(7) plane.

7.5 Summary

This chapter presented the results of the first| ATLAS|publication targeting a pair-produced
t that decays through ancoupling into b-¢ pairs with different lepton flavours, based
on 36.1 fb~! of data at \/s = 13 TeV. Two are defined by selecting events with at
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Figure 7.10: Observed lower limits at 95% on the £ mass in the BR(e)-BR(7)
plane with BR(e) + BR(¢) + BR(7) = 1.

least two leptons (e or 1) and two jets, one of which is required to be b-tagged, and no
significant excess is observed beyond the predictions. As a result, exclusion limits
are placed on the signal model in Figure [7.1| for different  masses and@l hypotheses,
ranging between 600 GeV and 1 TeV up to large BRs into b-7, and reaching up to 1.5 TeV

for 100% [BR]into b-e. These results significantly extend the previous constraints from a
preliminary |ATLAS|analysis at /s = 8 TeV [226] that targeted the same signal model.
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8 | Conclusions and outlook

The core subject of the thesis is the search for the direct pair-production of third genera-
tion squarks, the £ and the b, in proton-proton collisions at 1/s = 13 TeV delivered by the
and recorded by the detector. Third generation squarks are introduced in
the context of natural models that are able to solve the Higgs hierarchy problem,
and the corresponding phenomenology at the is examined under different assump-
tions on their decay modes in both and scenarios.

The baseline b-tagging algorithm of the experiment, MV2c10, plays an essential
role in the searches, because the targeted signals are all characterised by the presence
of two bottom quarks in the final states. The studies in Chapter [4] allow to measure the
performance of MV2c10 in different physics processes for a wide range of kinematical
regimes of the jets, and provide an estimate of the impact of several detector-related sys-
tematic uncertainties on the tagging efficiency as a function of the jet pr.

The first major result of the thesis, presented in Chapter [6] is the search for a pair-
produced b decaying into a b-quark and a Y or a t-quark and a X7, with negligible mass
splitting between \! and Y| as predicted by naturalness arguments. The analysis is di-
vided into two mutually exclusive channels based on the signal lepton multiplicity: a set
of zero-lepton is designed for the b decay into bx? with 100% while additional
one-lepton are optimised for the mixed decay of the b into bx? or tx; with 50%
each. When targeting signals with large Am(b, X?), the dominant background from ¢t
production is suppressed using dedicated discriminating variables that yield a kinemat-
ical endpoint in ¢t events, namely mcr [216] in the zero-lepton channel and ams [217]]
in the one-lepton channel. Variables related to the transverse mass of jets and EX'* are
found to be optimal to target signals with intermediate Am(b, ¥9), while the compressed
region in the 5—)2(1] mass plane is probed by an additional zero—lepton that requires the
presence of a jet from recoiling against two b-jets with low pr and the Eiss,
Subsequently, Chapter [7| presents a search for a pair-produced ¢ with decay into a

b-quark and a lepton, with variable BR]into electrons, muons and 7 leptons. The analysis
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is optimised exclusively for final states containing electrons and muons, and a dedicated
algorithm is developed to identify the b-¢ pairs from the two decay legs in signal events,
allowing to reconstruct the invariant mass of the ¢ with good accuracy. Additional se-
lections on the kinematical properties of jets and leptons in the events are employed,
obtaining a good sensitivity to heavy ¢ signals.

The results of the two searches described above are found to be consistent with the
background predictions, and are used to set stringent exclusion limits on the relevant
signal scenarios. In particular, the analysis in Chapter @ excludes b masses up to 950
GeV for {9 masses below 420 GeV for a b decay into b-x? at 100% BR| while the limit
reaches 860 GeV in b mass for X masses below 250 GeV for the mixed decay of the b into
b-xY or t-x; with 50% [BR| each. Finally, the search in Chapter is used to set limits on
a pair-produced f decaying into b-/ pairs: BRs into b-7 up to 80% or more are excluded

for £ masses in the 600-1000 GeV range, while # masses up to 1.5 TeV are excluded for
100% BRlinto b-e.

8.1 Future prospects of SUSY searches

Similarly to the analyses described in this thesis, none of the searches conducted by

IATLAS|and [CMS|so far were able to find evidence for signals compatible with the pro-
duction of particles, despite an extensive effort by the two Collaborations aimed
at covering a wide variety of signal hypotheses. Good agreement with the expecta-

tions was also observed in the measurements of the properties of the newly discovered
Higgs boson [28], confirming the remarkable predictivity of the[SM|but yielding no clear
indication about possible solutions to the shortcomings described in Chapter i}

When interpreting the results of searches, it is important to remember that the
limits on simplified benchmark processes are not necessarily representative of the con-
traints on full[SUSY|models with many free parameters, which may yield complex signal
configurations that spoil the sensitivity of the existing searches. A reinterpretation of
the limits of 22 analyses in the context of a 19-parameter was published
at the end of Run 1 [[182]], while no equivalent result is available yet for Run 2. For this
reason, at the time of writing it is not trivial to determine to what extent the present
constraints are stressing the idea of as a solution to the Higgs hierarchy problem
or to other open issues in high energy physics. Moreover, it is clear that the exclusion
limits on a finite number of signal models are not sufficient to rule out the existence of
a broken in nature, because the theory is built with an arbitrary number of free
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Figure 8.1: Expected exclusion limits and discovery reach for a pair-produced b decaying
into bxY with 100% [BR| for an integrated luminosity of 300 fb~! and 3000 fb~! at /s =
14 TeV [230].

parameters that can be arranged to escape any level of constraints.

At present remains a beautiful theoretical framework that can embed elegant so-
lutions to the shortcomings of the and its broad phenomenology will continue to be
tested at the in the upcoming years. The data recorded by during 2017 at
V/s = 13 TeV increased the size of the Run 2 dataset to a total of approximately 80 fb~!
and, together with the next periods of data taking, will allow to extend the sensitivity of
the searches beyond the current exclusion limits. As an example, Figure [8.1) shows the
exclusion and discovery prospects for the case of a pair-produced b decaying into byY,
based on early simulation studies carried out before the beginning of Run 2 [230]. The
exclusion limits have already been significantly extended by the analysis in Chapter [6]
but larger datasets will allow to probe additional regions of phase space, continuing the

hunt for new physics at the energy frontier.
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A | Summary of personal

contributions

During my PhD I carried out my research activities as a member of the Collabo-
ration, working in close contact with inspiring teams of scientists from several countries
and research institutes, and receiving constant support from the group of the
University of Sussex. My individual work has often been part of larger collective efforts
which included contributions by many other researchers, and the results of the searches
in Chapters [6] and [7] have been published on behalf of the full Collaboration as
envisaged by its policies. The purpose of this appendix is to provide the detailed list of

my individual contributions to the results in the thesis:

Chapter 4 and Appendix

b-tagging performance studies with Monte Carlo simulations

The analysis of the impact of experimental uncertainties on the efficiency of the
MV2c10 b-tagging algorithm was performed in collaboration with researchers from
the Tsinghua University, with guidance provided by the b-tagging calibration work-
ing group of the Collaboration. I was involved in all phases of the research
activity, developing essential parts of the software and producing the whole mate-
rial presented in the thesis. The final estimate of the uncertainty was made avail-
able to the Collaboration as part of the official calibration file (CDI) for multiple
and the studies are summarised in an internal note.

Chapter [6]
Search for bottom squarks with two-body RPC decays
The search for a pair-produced b has been my core activity for all the duration of
my PhD. I was one of the main analysers for two subsequent publications [18}209]],

working in close contact with researchers from the University of Liverpool, the
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University of Sheffield and the IFAE research institute (Barcelona). I had a leading
role in all major aspects of the work, including the simulation of signal benchmark
samples, the[SR|optimisation, the definition of the background estimation strategy
and the implementation of the software for the full analysis workflow. For both
publications I followed the internal review of the analysis within the Collaboration
through all its major steps, and for the 36.1 fb~! analysis I personally produced
the final results that are included in the paper together with their statistical in-
terpretation, running all the background fits and setting all the exclusion limits
on the signal models. I also prepared the auxiliary material of the paper, which is
included in the HepData record [[220]].

Chapter
Search for top squarks with RPV decays into b-{ pairs

I also had a leading role in the search for a pair-produced ¢ decaying into b-/ pairs,
in collaboration with researchers from the University of Pennsylvania. I devel-
oped the major aspects of the analysis strategy, working on the simulation of the
signal benchmark samples and on the optimisation of [SRs| [CRs| and [VRs| and I

implemented a software for the full analysis workflow, providing the necessary

cross-checks to validate the final results that are included in the paper [19]. Fi-
nally, I implemented the truth-level version of the analysis for the HepData record

associated with the publication [229].

Appendix

Single electron trigger rate

In parallel with my core research activities described above, during my PhD I
have been involved in various operational tasks within the electron-photon trig-
ger working group of the Collaboration. In particular, I have been the only
author of the study of the single electron trigger rate as a function of the online
Err threshold presented in Appendix[B| which resulted in a performance plot made
public by the Collaboration [231].
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B | Single electron trigger rate

This appendix presents a study of the rate of the isolated single electron trigger chain
HLT_e26_lhtight_nod0_ivarloose as a function of its online E threshold, that I have car-
ried out during my PhD as part of my involvement in the electron-photon trigger work-
ing group of the Collaboration. The HLT e26_lhtight nod0_ivarloose chain is
particularly relevant because, thanks to the background suppression provided by the
[HLT} evel track-based isolation, it is the single electron chain with lowest E threshold
that has been kept unprescaled during the entire 2016 run of the and is used by
both searches in this thesis as well as by several more analyses.

The rate of the chain is measured in a run during which the has operated at a
constant instantaneous luminosity value of Li,s, = 8 x 10% cm™2s™! for a period of
data taking of approximately 190 pb~!, allowing precise measurements of the perfor-
mance of the detector in stable conditions. The Et threshold of the chain is varied from
its minimum value of 26 GeV to a maximum of 72 GeV in steps of 2 GeV each, and
the measured rate in data is compared to the predictions from the W +jets, Z+jets and
multi-jet processes obtained from MC|simulations. The multi-jet predictions are further
tested in a fake-enriched region with inverted isolation requirement using the prescaled
HLT_e26_lhvloose_nod0_L1EM20VH chain, and the measured bin-by-bin disagreement
between data and is applied as a systematic uncertainty on the final prediction of
the rate of multi-jet events passing the HLT e26_lhtight_nod0_ivarloose selection.

The results of the analysis are summarised by the plot in Figure that has been made
public by the[ATLAS|Collaboration [231]. The measured rate in data is in agreement with
the predictions within uncertainties for all the Er thresholds, and is dominated by
the physics processes of interest (W +jets and Z+jets) with a significant but not major

contribution from jets mis-identified as electrons.
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Figure B.1: Rate (in Hz) of the isolated single electron trigger as a function of the Fr
threshold at the[HLT]|in the [26, 72] GeV range .
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C | Additional plots of b-tagging

efficiency

The present appendix includes a set of plots that complete the b-tagging performance
studies described in detail in Chapter [4]

Figures show the uncertainty on b, c and light jets efficiency as a function of jet
pr in Z' and tt samples for the 77% fixed efficiency [WP] to be compared with Figures
where the fixed cut is used. Figure [C.3|is instead showing the total impact
of jet uncertainties on the tagging efficiency of b, ¢ and light jet efficiency in ¢t, and of
b-jets in Z', for the 77% fixed cut [WP|

Track systs on b-jets in Z' (5 TeV) for 77% flat eff WP Jet systs on b-jets in Z' (5 TeV) for 77% flat eff WP
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Figure C.1: Ratio of modified and nominal b-tagging efficiencies vs b-jet pr ina 5 TeV Z’
sample for the 77% fixed efﬁciency@ showing track (a) and jet (b) systematics defined

in Section m
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Figure C.2: Ratio of modified and nominal b-tagging efficiencies vs jet pr in a ¢t sample
for the 77% fixed efficiency WP} showing the impact of the individual track (left) and jet
(right) systematics defined in Section on b (top), ¢ (middle) and light (bottom) jets.
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tagging efficiency vs jet pr for b (a), ¢ (b) and light jets (c) in a tf sample, and for b-jets
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Acronyms
ALICE A Large Ion Collider Experiment
ATLAS A Toroidal LHC ApparatuS
BR Branching Ratio
BSM Beyond the Standard Model
CERN  European Organization for Nuclear Research
CKKW  Catani-Krauss-Kuhn-Webber
CKM Cabibbo-Kobayashi-Maskawa
CL Confidence Level
CMS Compact Muon Solenoid
CR Control Region
CSC Cathode Strip Chamber
CTP Central Trigger Processor
ECAL  Electromagnetic Calorimeter
EF Event Filter
EM Electromagnetic
FCal Forward Calorimeter
FEB Front-End Board
FSR Final State Radiation
FTK Fast Tracker
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Acronyms

GRL
GSF
HCAL
HEC
HLT
IBL

ID

ISR
JER
JES
JvT

L1
L1Calo
LiMuon
L1Topo
L2

LAr
LEP
LHC
LHCDb
LHCf
LO
LSP
MC
MDT

Good Run List

Gaussian Sum Filter

Hadronic Calorimeter
Hadronic End-Caps

High Level Trigger

Insertable B-Layer

Inner Detector

Initial State Radiation

Jet Energy Resolution

Jet Energy Scale

Jet Vertex Tagger

Level 1

Level 1 Calorimeter

Level 1 Muon

Level 1 Topological

Level 2

Liquid Argon

Large Electron-Positron Collider
Large Hadron Collider

Large Hadron Collider beauty
Large Hadron Collider forward
Leading Order

Lightest Supersymmetric Particle
Monte Carlo

Muon Drift Tube
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Acronyms

ME
MIP
MLM
MoEDAL
MPI
MS
MSSM
NLL
NLO
NLSP
NNLL
NNLO
OR
PDF
PLR
PMNS
pMSSM
PS

PS
PSB
PV
QCD
QED
QFT
ROD

Matrix Element

Minimum Jonising Particle
Michelangelo L. Mangano
Monopole and Exotics Detector At the LHC
Multiple Parton Interaction

Muon Spectrometer

Minimal Supersymmetric Standard Model
Next-to-Leading Logarithm
Next-to-Leading Order

Next to LSP
Next-to-Next-to-Leading Logarithm
Next-to-Next-to-Leading Order
Overlap Removal

Parton Distribution Function
Profile Likelihood Ratio
Pontecorvo-Maki-Nakagawa-Sakata
phenomenological MSSM

Parton Shower

Proton Synchrotron

Proton Synchrotron Booster
Primary Vertex

Quantum Chromo Dynamics
Quantum Electrodynamics
Quantum Field Theory

Readout Driver
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Acronyms

Rol
RolB
ROS
RPC
RPC
RPV
SCT

SF

SFO
SM

SPS

SR
SUSY
TDAQ
TGC
TileCal
TOTEM

TRT
VEV
VR
WIMP
WP

Region of Interest

Region of Interest Builder
Read-Out System
Resistive Plate Chamber
R-Parity Conserving
R-Parity Violating
Semi-Conductor Tracker
Scale Factor

Sub-Farm Output
Standard Model

Super Proton Synchrotron
Signal Region
Supersymmetry

Trigger and Data Acquisition
Thin Gap Chamber

Tile Calorimeter

TOTal cross section, Elastic scattering and

diffraction dissociation Measurement at the LHC

Transition Radiation Tracker
Vacuum Expectation Value

Validation Region

Weakly Interacting Massive Particle

Working Point
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