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Introduction

The thesis in your hands is a small piece in the search to answer a bigger question; what are
the fundamental building blocks of nature and which laws govern their interactions? The
field of particle physics tries to answer this question. The Standard Model of particle physics
(SM) [1-5], which was formulated in the mid 1970s, describes three of the four known
fundamental forces, the electromagnetic, weak, and strong force. Besides describing the
forces the SM classifies all discovered elementary particles. The SM has had great success
over the years, the experimental confirmation of the existence of quarks came from deep
inelastic scattering experiments at the Stanford Linear Accelerator Center (SLAC) in 1968
[6, 7], where the proton breaks up in the interaction and is found to be a complex dynamical
system comprised of quarks, anti-quarks and gluons. The SM predicted the top quark, which
was discovered in 1995 by the CDF [8] and DO [9] experiments at Fermilab. It predicted the
tau neutrino, which was discovered in 2000 by DONUT at SLAC [10]. Also the SM has
predicted various properties of weak neutral currents and the W and Z bosons with great
accuracy. The success of the SM was completed by the discovery of the Higgs boson at the
Large Hadron Collider in 2012 by ATLAS [11] and CMS [12] as predicted by Higgs [13],
Brout and Englert [14].

The SM and the confirmation of the Higgs particle, and with it its associated mechanism
of electroweak symmetry breaking, are a great triumph for the principle of symmetries. So
what are we after if the SM is such as success? Does it answer our big question; is it the
theory that describes all observations in the universe? The main motivation for the research
performed in this thesis is that the SM does not provide a complete picture of the fundamental
building blocks of nature and the laws governing their interactions, as for example the SM
does not provide a candidate for Dark Matter (DM).

The shortcomings of the SM can be resolved by theories which extend beyond the SM,
such as supersymmetry. Supersymmetry is a symmetry that relates fermions and bosons
predicting many new particles, among which a possible candidate for DM. Besides providing
a DM candidate, it solves the mass hierarchy problem of the SM if supersymmetry is found

at the TeV scale. Quantum corrections from the new particles can stabilise the electroweak
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scale. Supersymmetry also naturally achieves the unification of the electroweak and the
strong force, which has been a long held ideal for particle physics. And if supersymmetry
is imposed locally, general relativity is automatically included, thus including the fourth
fundamental force, gravity, and making supersymmetry a fundamental ingredient for string
theory.

As a consequence supersymmetry is well motivated by theory, but unfortunately there
has not been any experimental confirmation. Without experimental confirmation, a theory,
no matter how many problems it solves, stays just a theory. Experiments at the Large
Electron-Positron Collider (LEP), the Tevatron, and at Run-1 of the Large Hadron Collider
(LHC) ruled out a large number of supersymmetric models. After Run-1 of the LHC there
are strong constraints on the masses of the strongly produced supersymmetric particles called
squarks and gluinos. On the other hand, the values of the masses of the weakly produced
supersymmetric charginos and neutralinos are less constrained, since these particles have
much smaller production cross sections.

The weakly produced charginos and neutralinos play an important role in establishing
a connection between supersymmetric models and DM, where the lightest supersymmetric
particle, the lightest neutralino, )Z?, is the DM candidate. Since supersymmetry predicts a DM
candidate, constraints from astrophysical observations can help motivate which supersym-
metric models to look for. In this thesis supersymmetric models are being looked for which
are motivated by the thermal relic abundance of DM in the universe. Also supersymmetric
models must be coherent with the SM, and agree with measurements from b-physics, Higgs
measurements and electroweak precision measurements.

The LHC and the ATLAS experiment can probe these supersymmetric models near the
TeV scale. A confirmation would be a huge leap forward for particle physics and would
determine the course of the field for many years to come. The alternative would be that the
scale of supersymmetry is pushed to higher and higher energies and that we might have to

rethink this beautiful idea, at least for now.

Outline of the thesis and author’s contributions

The work presented in this thesis is divided into three main parts. The first part presents the
theory, as well as the motivation for the research performed in this thesis. The second part
presents the ATLAS experiment, demonstrating the detection, alignment and reconstruction
techniques used by the experiment. The third part presents the analysis [15] performed by
ATLAS to discover the supersymmetry signal described in the first part. For each chapter a

brief summary of the content is given and the author’s contribution.



Part 1 Theory

Chapter 1 provides an overview of the Standard Model of particle physics and demon-
strates its shortcomings. The tension with the Lambda Cold Dark Matter model, which
requires a dark matter particle, is especially highlighted.

Chapter 2 gives an introduction to supersymmetry, which is an extension to the Standard
Model of particle physics. Supersymmetry can provide a candidate for Dark Matter, and thus
resolve the discrepancy between the Standard Model of particle physics and the Lambda Cold
Dark Matter model. Global fits performed in the supersymmetry parameter space provide the

motivation for the research presented in this thesis.

Part 2 The ATLAS experiment

Chapter 3 gives a general description of the Large Hadron Collider (LHC). The chapter

also provides an overview of the ATLAS experiment and all its subsystems.

Chapter 4 describes the Inner Detector Alignment procedure. It is explained that if the
alignment procedure is not constrained properly, uncontrolled behaviour originates through
weak modes. I have performed the alignment with first stable beams in 2016 and introduced
new diagnostic figures of tracking parameters to spot weak modes introduced by the alignment

procedure.

Chapter 5 provides a description of the methods used by ATLAS to reconstruct and
identify particles produced in the LHC collisions. It also introduces isolation algorithms,
which examine whether particles are isolated within the detector. I have contributed to
improve the isolation of leptons by designing two working points using the Prompt Lepton
Veto algorithm. Similar working points are now used within the whole ATLAS collaboration.
I have calibrated the working point for muons, which is used in the supersymmetry analysis

described in this thesis, to data.

Part 3 Analysis

Chapter 6 gives a general introduction to the supersymmetry signal searched for and

provides an overview of the analysis. The analysis is published in [15].
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Chapter 7 describes the Standard Model backgrounds expected in the analysis, and the
methods used to estimate these backgrounds. I have validated that backgrounds estimated
using Monte Carlo correctly predict the data in a loose selection region and designed control
regions to normalise the largest background estimated using Monte Carlo to data. Also I
have derived the fakes background for the analysis using data-driven techniques, as well as

assigned the systematics to the method.

Chapter 8 presents an overview of the selection of the supersymmetry signal. I have
contributed to the lepton trigger strategy by selecting which triggers to use, and studied
the efficiency of these triggers. I have studied which Prompt Lepton Veto working point
to use in the analysis. Also I have designed the signal regions which have low missing
momentum, called the SRlow signal regions, as well as provided the expected significance
of the combination with the high missing momentum signal regions, called SRhigh. I have
also designed the discovery regions, which are used to possibly discover the supersymmetry

signal.

Chapter 9 illustrates the validation of the methods used to predict the Standard Model
backgrounds. I have designed the validation regions for all the backgrounds, as well as

studied the signal contamination in the validation regions.

Chapter 10 presents the results of the analysis. The supersymmetry signal is not found,
and thus an exclusion contour visualises the excluded supersymmetry phase space. I have set
up the discovery fit.

Chapter 11 contains a discussion on the analysis method and results. All of the work
shown in this chapter is outside of the scope of the analysis and are personal reflections on
the performed analysis. Also a comparison is shown to the CMS analysis, as well as the
expected sensitivity for the analysis with the High Luminosity LHC.



Part I

Theory






Chapter 1

Standard Model

As mentioned in the introduction particle physics tries to answer the questions on the
fundamental building blocks of nature. The model used to describe the fundamental building
blocks is the Standard Model (SM), which is successful when describing experimental data
at particle colliders. However, the present situation in particle physics is contradictory. On
the one hand, the SM is successful in describing experimental data, on the other hand there
are contradictory predictions from the Standard Model of Cosmology, the Lambda Cold
Dark Matter (A-CDM) model. The A-CDM model requires Dark Matter (DM) which is not
described within the SM. The SM should also provide a description for DM if the SM were
to be the theory describing all fundamental physics, it should describe the small distances
as well as the physics of the large distances as illustrated in Figure 1.1. Both the SM and
A-CDM will be described in this chapter to demonstrate the shortcomings of the SM.

1.1 Standard Model

The SM describes three of the four known fundamental forces and classifies all discovered
elementary particles. The fundamental forces are mediated through gauge bosons, which
have integer spin. The electromagnetic force is mediated by the massless photon 7, the
weak forces are mediated by the massive W™ and Z and the strong force is mediated by the
massless gluons g. The matter particles are described by fermions, which are half-integer
spin, and are composed of three generations of leptons and quarks. The charged leptons
interact through the electromagnetic and the weak force, while the neutral leptons, neutrinos,
only interact through the weak force. The quarks interact through all the forces in the SM;
the electromagnetic, the weak and the strong force.

The force carriers and the three generations of matter are presented in Figure 1.2. The

first generation charged particles do not decay, as a result of which atoms are able to form,
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Fig. 1.1: Glashow’s snake devours its tail at the point where the physics of the Planck scale meets the
large-structures of galaxies [16].

which consist of electrons surrounding an atomic nucleus, made of up and down quarks. The
up and down quarks in the atomic nucleus are kept together by the gluons of the strong force,
and the electrons surround the nucleus through the electromagnetic force by exchanging
photons. The second and third generation charged particles decay in a short amount of time
and are only observed in high energy environments, such as at the energy of the collisions
at the Large Hadron Collider (LHC). The high energy environment of the LHC resembles
conditions of the early stage of the big bang.

1.1.1 Lagrangian and symmetries

The SM is a model within quantum field theory, in which a Lagrangian controls the dynamics
and kinematics of the theory. The SM Lagrangian consists of the electroweak interactions,
where the electromagnetic and weak interactions are joined together, the Higgs sector, the

Yukawa terms for the fermion masses and the strong interaction,

gSM = D%lectroweak + D%Higgs + D%Yukawa + a%trong- (1.1)
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Fig. 1.2: The particles of the Standard Model. Each particle and its corresponding properties are
visualised a box. At the top of each box the mass of the particle is shown. At the top right the electric
charge of the particle is highlighted in green and the colour charge is highlighted in red. At the bottom
right the spin of the particle is highlighted in orange.

The Lagrangian contains symmetries described by transformation groups which leave the
Lagrangian invariant. Examples of such transformation groups are rotations or translations.
Each of these symmetries described by a transformation group results in a conserved charge.
For any symmetry transformation to be acceptable in quantum mechanics it must be unitary,
since otherwise it will change the wavefunction normalisation. Also the eigenstates of the
system must be unchanged by the symmetry transformation, as a consequence the symmetry
transformation must commute with the Hamiltonian of the SM.

The electroweak and strong interactions are a result of such symmetries described by
transformation groups in the form of unitary Lie groups.! The SM is a Yang-Mills theory

[19], a theory based on Lie algebra to describe the behaviour of elementary patrticles,2

SU3)¢e x SU(2), x U(1)y. (1.2)

I'The unitary Lie group, SU(3), is for example also found in the eightfold way [17, 18], which is an ordering
scheme for hadrons.

2U(n) is the Lie group of n x n unitary matrices. SU(n) is the Lie group of n x n unitary matrices with
determinant 1.
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There is a conserved charge for each symmetry transformation, which results in the funda-
mental forces carried by the gauge bosons.

For the fermion fields y there are left-handed and right-handed chirality states. The
left-handed chirality states are arranged in doublets and the right-handed chirality states are

arranged in singlets. The fermions fields for leptons and quarks, where i is the generation of

Vi
fLi= <£> , Ri=1lig, (1.3a)

the fermion, are given by

s
fui= <dl> , JRi=Uir, dir. (1.3b)
l

Electroweak interaction

In the Yang-Mills theory, SU(2);, x U(1)y describes the electroweak interaction, containing
the W)/ gauge boson fields, from the SU(2) symmetry, and By, gauge boson field from the
U(1) symmetry,

(Wa. w2 W2). By, (1.4)
which interact with the fermion fields y through iwD"y, v, where W, only interacts with
left-handed fermions. The derivative in the interaction with the fermion fields, Dy, is given
by

1. 1.
Dy =y + Elg’YBu + ElgT“Wﬁ’, (1.5)

where 7¢ are the SU(2) symmetry generators,? Y is the U(1) symmetry generator, g is the
coupling constant for the Wy field and g’ is the coupling constant for the By field. The gauge

bosons also have a kinetic term given by —%BWB”" — %Wﬁ’vWa“ Y, where

B‘uv - &“Bv - avB‘u,

a a a abcyyrbyirc (16)
Wuv = a'qu — aqu +g8 W’qu,

3The Pauli matrices multiplied with i, i7,, form a basis for SU(2).
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and €% is the structure constant of the SU(2) group.* If the substitution 2 = D* Yy 1s made,

the electroweak Lagrangian can be written as [19]

. _ _ ] _ 1 -
cgelectroweak = Z (l(LLB/Li + QLDIQI + Ei,R/D/Ei,R + ui,R,D/ui,R + di,R/D/di,R)) - ZB,uvB'uv - ZWﬂvWauv?
flavours
(1.7)

which contains the interaction of the fermion fields with the electroweak gauge bosons and
the gauge field kinetic terms.

Spontaneous symmetry breaking

From experimental observations it is known that the electroweak gauge bosons have a mass,
however in the Lagrangian in Equation 1.7 there is no mass term for W and By, fields.
Adding a mass term to solve this discrepancy in the form of %szﬁ’Wa“ + %mZB“B“ will
not leave the Lagrangian gauge invariant and is, therefore, not an option. The solution is the
Higgs mechanism, where through spontaneous symmetry breaking the W* and Z bosons
acquire mass, while conserving the gauge invariance of the Lagrangian.

The Higgs mechanism works by adding the following term to the electroweak Lagrangian,

Liggs = |Dud|* =V (9), (1.8)

causing the SU(2), x U(1)y symmetry to be spontaneously broken. The potential V (¢) of
the scalar Higgs field, ¢, is given by

V() =u*9*— 19", (1.9)

where ¢ consists of two complex scalar fields, a charged field to generate the mass of the
W=, and a neutral field for the Z and A

+ 1 ;
o= (00) =L (0rie) (1.10)
¢ V2 \ 93 +i¢s
When requiring p? < 0 the potential of the Higgs field looks like a Mexican hat as shown in

Figure 1.3, with a minimum at |¢|> = | |>/(24). After symmetry breaking the neutral photon

is required to remain massless, therefore the minimum of the potential must correspond to a

4gabe is given by [1¢,1°] = i1, where £9%¢ is the Levi-Civita symbol.
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non-zero vacuum expectation value only of ¢°,

(0[9]0) = % (S) (1.11)

where v is the vacuum expectation value. The minimum of the potential lies at |¢|> =
|t|?/(21), which can now be related to v,

2
(L [0)) _1,
|o]" = (ﬁ<v>> =5V (1.12)

resulting in an expression for the vacuum expectation value,

2
v:\/%. (1.13)

The non-zero vacuum expectation value of the Higgs field, arising from spontaneous sym-
metry breaking, is the mechanism by which the other fields in the theory acquire mass. The
photon must not experience the non-zero vacuum, since it does not have mass. The physical
gauge bosons A (photon), Z and W™ are a combination of the W, and B, bosons,

W, FW; 1
2 u u

u > w ZVg ( a)

. v
Zy, = cos(6y )W, — sin(6y)By Mz = g2 +g” (1.14b)
Ay = sin(6y )W, + cos(6w)By, My =0, (1.14c¢)

where Oy, the weak mixing angle is given by
/

cos(By) = ——o sin(By) = ——5—. (1.15)

The Higgs mass is described by the Lagrangian in Equation 1.9. In a Lagrangian for a
free scalar the mass term is given by %mmz. The term proportional to ¢2, which is u?¢2,

can thus be interpreted as the Higgs mass,

my, = V2Av. (1.16)
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Fig. 1.3: An illustration of the Higgs potential given by V(¢) = u?¢> — A¢*. The potential is shown
for the case that u? < 0. The minimum of the potential is located at |¢|> = |u|?/(2A). Choosing any
of the points at the bottom of the potential spontaneously breaks the electroweak symmetry [20].

Yukawa interaction

In the electroweak Lagrangian also the matter particles, the fermions, do not have a mass term.
Similar to the gauge bosons, adding a fermion mass term —nu( fLfr +h.c.) will no longer
leave the Lagrangian gauge invariant. The mass for fermions also arises as a consequence of

spontaneous symmetry breaking through the Yukawa interaction, —A7f1.¢ fr +h.c.,

Lkava= Y (—AemeR — A40¢dr — e 0uu, + h.c.) , (1.17)

generations

where Ay is a dimensionless coupling constant, ¢ is the Higgs field and g% is the two
dimensional total anti-symmetric tensor with !> = 1. By replacing ¢ = \%v with the

vacuum expectation value due to spontaneous symmetry breaking,

—lffL¢fR +hec. = —%lfv(foR—i—h.C.), (1.18)

the following mass term for fermions is obtained,

1
— A 1.19
> 1V (1.19)

V2

mf:

Cabibbo-Kobayashi-Maskawa matrix

The weak eigenstates of the quarks differ from the mass eigenstates and can be transformed

into one another by using the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix [21, 22].
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Mixing is chosen by convention to happen in the down quark sector. The weak eigenstates,

labeled d’, s” and b’, are related to the mass eigenstates, d, s and b, by the complex 3 x 3

matrix,
d’ Vud Vus Vub d
SV =1 Vea Ves Vo s |- (1.20)
b’ Via Vis Vi) \b

In the SM the CKM matrix is unitary, such that the experimental measurements can be

interpreted as [23]

Vial Vus| [Vis| 0.974 0.225 0.004
Vel [Vas| [V | = | 0.225 0.973 0.041 |. (1.21)
Vial Vsl Vil 0.009 0.040 0.999

It can be seen that the CKM matrix is approximately diagonal. Also the mixing in the first
two generations of quarks is sizeable, however the mixing between the third generation
quarks and the lighter quarks is small. The CKM matrix can be reduced to three mixing
angles and a complex phase.

The fact that mixing between b-quarks and the lighter quarks is small, causes b-hadrons
to be uniquely identified from the hard-scatter in a proton-proton collision at the LHC, as
described in Section 5.2.1.

Strong interaction

In the Yang-Mills theory, SU(3)¢ describes the interaction of the strong force, where the
gauge boson fields are G¢,

1 2 4 5 6 7 8
(G”,G“,G“,GM,GM,G“,Gu), (1.22)
which interact with the quark fields v, through, iy, ;D" y, v, ;, for which
Dy = dy +ig TGS, (1.23)

where T¢ are the SU(3) generators and g; is the running strong coupling constant.> The

gauge bosons also have a kinetic term which is written like —%GﬂvG‘“’, given by

Giy = 9uGy — oGl + g, f* GL G, (1.24)

3The SU(3) generators 7% can be related to the Gell-Mann matrices A%.
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where f9%¢ is the structure constant of the SU(3) group.® If the substritution 2 = D* Yu 18

made, the strong force lagrangian can then be written as

Liwcong = Y, (i(Wg.Pv)) — %szcgv. (1.25)
flavours

The strong interaction has two important properties: asymptotic freedom and confinement.
Asymptotic freedom states that the strong coupling constant, g, becomes smaller when the
interaction energy gets larger [24], which results in analytical perturbative calculations that
are only possible at high energies. The second important property is confinement, which
states that quarks are bound into colourless hadrons, of which there are two types, mesons
and baryons. Mesons are quark anti-quark pairs and baryons are composed of three quarks

or three anti-quarks.

1.1.2 Shortcomings of the Standard Model

The SM is an accurate theory describing the interaction of matter through the weak, strong
and electromagnetic force. However, there are observations the SM does not describe, as
well as aesthetical arguments against the SM. Observations from astrophysics experiments
suggest DM, which would then require a theory beyond the SM. DM will be described in
more detail in Section 1.2, where the A-CDM model is discussed.

In this section the observation of neutrino oscillations will be discussed, suggesting that
the neutrinos have a mass, which is not described within the SM. Aesthetical arguments
against the SM will be discussed as well, such as the hierarchy problem and gauge coupling
unification. The hierarchy problem and gauge coupling unification suggest a theory at a
higher energy scale from which the SM derives, where the parameters within the SM should
be an inevitable outcome of an encompassing higher order mathematical description. Another
aesthetical argument, although not discussed in this section, is the fact that the SM is not a
theory of everything, as it does not contain a description of the fourth fundamental force,
gravity.

Neutrino oscillations

The Super-Kamiokande Observatory [25, 26], the Sudbury Neutrino Observatory [27] and
KamLAND [28] made the experimental discovery that neutrinos oscillate between flavours,
Ve, Vi and v;. Neutrino oscillations imply that the neutrinos have mass, and the mechanism

through which neutrinos can acquire mass is not described by the SM. Direct constraints on

6 fabe is given by [T%, T?] = i fecT*.
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mass of v, come from experiments with tritium 8 decay. For the electron neutrino the mass
should be m,, < 1.1 eV [29]. From the CMB it is derived that the sum of all the neutrino
masses is at most approximately 0.12 eV [30].

Gauge coupling unification

A grand unified theory (GUT) is a theory where the weak, strong and electromagnetic force
can be described by the same force. Finding such a theory means there is just one gauge
symmetry, such that the SM gauge symmetries are grouped into a higher gauge symmetry
that is broken at a higher energy scale. A theory described by one single gauge symmetry is
inspired by the unification of the electromagnetic and the weak forces into the electroweak
interaction. The challenge is thus to unify the electroweak and the strong force. Gauge
symmetries that contain the SM symmetries are Lie groups such as SU(5) and SO(10). Most
of these symmetry groups predict the decay of the proton with a half-life below 103> years
[31].

The energy scale where the three forces merge is called the GUT scale, Agyt ~ 10!
GeV. In the SM the strength of couplings of the forces becomes similar at this scale, but does

not completely coincide.

Hierarchy problem

The hierarchy or naturalness problem is due to quantum corrections to the Higgs mass. A
spin-0 particle mass, like the Higgs mass, is not protected by any symmetry, unlike massive
spin-1 and spin—% particles, which are protected by broken gauge and chiral symmetries,
respectively. A massive spin-0 particle couples to all virtual particles present in the vacuum,
where the quantum corrections to the Higgs mass arise from its coupling to these particles,

Gr,
2

S A2 O'n(A) (1.26)
h 1672 ' '

The divergencies caused by the quantum corrections have to cancel out to give the Higgs its
physical mass of 125 GeV. In order to regularise the divergencies there is a cut off scale, A.
For the SM the cut off scale can be set to the Planck scale, where Appanck ~ 10'? GeV.” In
order for the divergencies to cancel at the Planck scale, the SM parameters would have to be
fine tuned through 17 orders of magnitude, which make the SM unnatural.

"The Planck scale is where gravity would have the same strength as the strong and electroweak forces, and
within the SM there is no new physics up to this scale.
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1.2 Standard Model of Cosmology

The A-CDM model is a model that provides a good description of the universe assuming
general relativity is correct on cosmological scales. The model consists of the big bang
model, formulated in the 1920s, complemented by the theory of inflation, formulated in the
early 1980s. A-CDM is referred to as the Standard Model of Cosmology.

In the A-CDM model the universe is expanding and its expansion is accelerating. The
universe expands because of dark energy, which is the source of Einstein’s cosmological
constant A. Matter comes in two forms in the model, DM and baryonic matter. DM does
not interact with light as the name suggests, and therefore it does not interact with the
electromagnetic force. Also DM should be a stable particle to explain the DM thermal relic
abundance in the universe. The thermal relic abundance is present due to a DM freeze out
which occurred when the expansion of the universe became too fast for DM to annihilate.
The chronology of the universe after the big bang as predicted by A-CDM is illustrated in
Figure 1.4. The decoupling of photons is the furthest possible moment back in time to probe
the early universe. Measuring the Cosmic Microwave Background (CMB) gives information
on the structure of the early universe. To further explore hotter epochs will require the
challenging detection of the cosmic neutrino background or gravitational waves.

The composition of the energy density in the universe is measured from the CMB by the
Planck Collaboration amongst others. The measurement shows that the dark energy density
1s 68.5% and the matter density is 31.5%, of which 26.5% is DM and 4.93% is ordinary
baryonic matter [30].% Although baryonic matter is described within the SM as composite
particles consisting of quarks, dark energy and DM are not described within the SM. Besides
the evidence for DM from the CMB, there are several more cases of evidence for DM which

will be mentioned in this section.

Velocity dispersions

Dark matter was first mentioned by Zwicky in 1933 when studying the redshifts of the Coma
cluster [33]. Normally the mass of the Coma cluster would be calculated from the product of
the number of observed galaxies in a cluster, 800 for the Coma cluster, and the average mass
of a galaxy, 10° solar masses as suggested by Hubble, resulting in Mgl(ﬁgg"us ~1.6-10* kg.
However, the mass of the Coma cluster can also be calculated from the virial theorem using

8From Planck 2018 polarisation (TE,EE+lowE) + lensing data. Planck 2018 6-parameter fit to flat A-CDM
cosmology.
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Fig. 1.4: Chronology of the early universe after the big bang [32]. The top scale illustrates the time
after the big bang and the bottom scale the corresponding temperature after inflation. At =0 the
electroweak symmetry of the SM is still unbroken and as a result particles are massless. The gauge
bosons then acquire their mass through electroweak symmetry breaking, and the fermions acquire
their mass through the Yukawa coupling with the Higgs field. DM freezes out causing a thermal
relic abundance of DM when the expansion of the universe becomes too fast for DM to annihilate.
The QCD phase transition occurs when quarks and gluons are bound in colourless hadrons due to
confinement, after which light nuclei begin to form. The universe is then still an ionised opaque
plasma due to its high temperature. When the temperature drops below the hydrogen ionisation
energy, protons and electrons are combined, leading to the decoupling of baryons and photons. The
decoupling of photons causes the mean free path of the photons to be equal to size of the universe,
these primordial photons result in the Cosmic Microwave Background (CMB).
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the velocity dispersion of the objects, o, measured from the doppler width in the spectral
lines.”
For a system with potential energy V (r) = a/r, where r is the distance between the

objects, the virial theorem takes the form

2(T) = —(Vror)- (1.27)

Taking the kinetic energy per object as T ~ 6, and the potential energy as V ~ ==, the
virial mass can be calculated from
R (1.28)
~~ G . .
For the Coma cluster the observed average velocity dispersion is approximately 1000 km/s
and R is around 10° light-years [34], which results in Mé‘g;g; ~ 1.4-10* kg.

The observed mass obtained through the virial theorem is in discrepancy with the mass ob-
tained through counting the luminous objects, where Mmal /pgluminous ~ 100, As numerous
approximations have been made, in addition to the approximate nature of the definitions, the
obtained ratio is only accurate to estimate the order of magnitude. The velocity dispersions
of the Coma cluster were the first evidence for DM, where extra mass was observed through

the virial theorem which is not accounted for by the mass of luminous objects.

Rotational curves of galaxies

Rotation curves of galaxies are the rotational velocity of the stars and gas in a galaxy as a
function of their distance from the galactic centre. The rotational velocity can be calculated
from spectroscopic observations using the doppler shift to measure the relative motion of
objects. In Figure 1.5 the rotational curve of the Andromeda Nebula (M31) is presented as
measured by Rubin and Ford in 1970. The mass distribution of galaxies can be inferred from
the rotation curves by setting the centripetal force equal to the gravitational force,

GM
V=1/—. (1.29)
r
The Andromeda Nebula is expected to have lower rotational velocities when moving further
away from the galactic centre, since there is less luminous matter further away from the

centre. Instead the rotation curve flattens at larger distance from the centre. The larger

9The virial mass and radius are generally defined for the radius at which the velocity dispersion is a

. RyirG2,..
maximum, where M,; ~ U
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Fig. 1.5: Rotational velocity curve for the Andromeda Nebula (M31) as a function of distance from
the centre. The solid curve is the adopted rotation curve, where for R < 12’ the curve is fifth order
polynomial and for R > 12’ the curve is fourth order polynomial required to remain approximately
flat near R = 120°. The dashed curve is a second rotation curve with higher inner minimum. NE refers
to the north east axis and SW to the south west axis [35].

than expected rotational velocities outward from the centre of the galactic corresponds to a
requirement for more mass at the boundaries of galaxies, another piece of evidence for DM.

Gravitational lensing

In general relativity space-time is curved by massive objects, causing the trajectory of
photons to bend when travelling through a massive galaxy cluster. The bending of the
photons resembles light getting refracted by a lens, only now the lens is a massive object,
which is why the effect is known as gravitational lensing. The mass of a cluster can be
determined from the amount of gravitational lensing. Again this can be compared to the mass
expected from the luminous objects, where the same sort of discrepancy is found. Luminous

matter is not sufficient to explain the mass of clusters [36].
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Structure formation in the universe

Much of the current understanding of the influence of DM in structure formation in the
universe is based on computer simulations. First results demonstrated that galaxies are found
to be unstable if not surrounded by a halo of DM [37]. Later the formation and evolution
of cosmological structures in an expanding universe were simulated. With the increase in
computing power and the improvement of numerical techniques large simulations became
possible [38, 39].

When simulating cosmological structures the initial velocity distribution of the dark
matter particles requires cold DM, meaning that the velocity of the DM is slow compared
to the speed of light [40—42]. When hot DM is used, with relativistic velocities, the growth
of small structures is suppressed [43, 44]. Cold DM allows the formation of very low mass
halos in the early universe, roughly in the range of of ~ 1073 to ~ 10~ M. The low mass
halos combine gradually with one another building up larger DM structures.

Another requirement for the purpose of structure formation is that the DM particles need
to be collisionless, meaning the interaction cross-section is so low that collisions between
particles have no significant effect on the system [34].

When comparing the simulations to measurements of structures of the actual universe,
redshift surveys are used, where the redshift of astronomical objects is measured in a section
of the sky. The redshift can be used to estimate the distance to the astronomical objects
using Hubble’s law, where a combination of the redshifts with the angular position of the
measurements allows to construct a 3D map. The first CfA survey [45] is a map of around
2,200 galaxies, and revealed the first indications of the distribution of matter on the largest
scales. Later this was extended to the CfA2 redshift survey [46] which contains about 15,000
galaxies. More recently the Sloan Digital Sky Survey [47] mapped approximately 800,000

galaxies.

1.2.1 Dark matter requirements

After having described the A-CDM model a DM particle candidate which fulfils the require-
ments of the model can be postulated, where DM

* is gravitationally interacting at cosmological scales,
* does not interact electromagnetically,
* has the correct relic density: Qchz =0.12 [30],

e is cold,
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* is a stable particle,

e is collisionless and

* is non-baryonic.!?
The only SM particle that comes close to the requirements are neutrinos. Neutrinos are
long-lived, non-baryonic, dissipationless and collisionless, however the problem is neutrinos
are not cold. Neutrinos are light particles with a mass of < 1.1 eV, and travel close to the
speed of light, preventing the structure formation of galaxies.

Under the assumption that a DM particle is a particle beyond the SM, and that DM
interacts with the SM, the measured relic density by the Planck collaboration is a result of
DM annihilation into SM particles in the early universe. The DM annihilation in the early

universe is described by

dny

i = —3Hny — (ov)(n2 —n2 ), (1.30)

x " Mxeq

where ny ¢q 18 the DM density at thermal equilibrium. The DM density, ny, is determined
by the competition of the expansion of the universe, which occurs with the rate H, and DM
annihilation. The thermally averaged annihilation cross-section, (ov), accounts for DM
annihilation and coannihilation, where v is the relative velocity between the annihilating
particles. From the DM relic density, Q.h? = 0.12, the annihilation cross-section of DM
can be calculated. Stable DM particles must self-annihilate with a cross-section in the
order of (6v) ~ 10726 cm? /s [34].!' The annihilation cross-section suggests a DM particle
with a mass in the MeV-TeV range and interactions that are mediated by the exchange of
electroweak-scale particles.

The particles that fit this description are labeled Weakly Interacting Massive Particles
(WIMPs). A theory beyond the SM that provides such a DM candidate is supersymmetry,
providing a DM candidate in the form of the lightest neutralino )Z?, which will be described
in the next chapter.

DM technically could be baryonic, in the form of a MACHOs, however there is a consensus today that
MACHOs do not constitute a large fraction of the DM [34].

T Although the value can be different if the expansion rate of the universe before DM decoupling is not
behaving as expected from general relativity.



Chapter 2
Supersymmetry

The Standard Model (SM) and its associated Higgs mechanism of electroweak symmetry
breaking rely on the principle of symmetries, where internal symmetries are generated
through the Lie groups SU(3) x SU(2) x U(1). Supersymmetry is the combination of the
internal symmetries of the SM with external spacetime symmetries [48]. In the SM there
are fermionic fields and bosonic fields which behave differently due to the Pauli-exclusion
principle, where two identical fermions cannot occupy the same state. The Coleman-Mandula
theorem proves that combining the internal symmetries of the SM with spacetime symmetries
is not possible using only the bosonic charges from the SM [49]. In order to combine
the symmetries, the theory needs to be extended to also include fermionic charges [50].
Supersymmetry establishes a relationship between bosons and fermions by transforming
their spin representations [51-54]. Combining the boson and fermion fields into a single
algebra is done by supersymmetry through a symmetry transformation via spin—% charges

generated by Qg,
1
QulJ >=|T+ 5 > (2.1)

where Q, is a spinor.! The anticommutator of the Qg spinors contain the Pauli spin matrices,

o, and the conserved Lorentz vector, Py,

{0 0p} =20, 5Pu, (2.2)

where 6, = (1,0) is a spinor. Since Qg is the symmetry generator it commutes with
the Hamiltonian, [Qq, H] = 0. The anticommutator also commutes with the Hamiltonian,

[{Qa,0p},H] = 0. A fermion can now be transformed into a boson and vice-versa through

I'The spinor is actually Q. However, N = 1 supersymmetric theories are considered here. N > 1 supersym-
metric theories also include a scalar charge Z in the anticommutator.
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a transformation operator on supermultiplets containing the helicity states,

1
5 0 1
Chiral : ((2)) Higgs : (1) Gauge : <1> , (2.3)
2 2

where the SM particles are the top row, and the superpartners are the bottom row.>

The Lagrangian containing free fermions and bosons as well as interactions takes the

form

ow 1 °W
_ ol 4w’ e i LYY
L= 9u9"9 ¢tu// G-y +F'F+ (FW 597Co 552 +h.c.), (2.4)
Kinetic term fermions and bosons ~~
Interactions

J/

where spinors are used, o, = (1,0) and 6, = (1,—0), and W is the superpotential. In many
supersymmetric theories an additional symmetry called R-parity is applied in order to protect

the theory from allowing the proton to decay,
PR — (_1)25-|—3B-|-L7 (25)

where s is the spin of the particle, and B and L are the particle’s baryon number and lepton

number, respectively. Assuming R-parity conservation the superpotential W is given by?
W = A;QD H; + LLECH; + A, QU H, + uH,H,. (2.6)

Corresponding to the fermion fields described in Equation 1.3, Q and L are supermultiplets
of the left handed doublets, and D¢, U and E€ are the supermultiplets containing the right
handed singlets. The coupling, A, corresponds to the Yukawa couplings of the SM. H, and
H, are two Higgs doublets, with opposite hypercharge in order to give masses to all the

matter fermions, and p is the Higgs mass parameter.

Higgs doublet

In a supersymmetric theory the Higgs sector needs to be extended by adding another Higgs
doublet, resulting in doublets H,, and H,. The extra Higgs doublet is needed since two types
of Higgs fields are required to give mass to the up and down-type fermions. Each Higgs

doublet has four degrees of freedom, as demonstrated before in Equation 1.10. As a result

?Local supersymmetry naturally implies gravity with two gauge fields, the graviton G and the gravitino G.
The gravity supermultiplet is not included here.
3There is also a R-parity violating superpotential given by Wrpy = ALLEC +A'QDL+ A"U“DCDE.



2.1 Soft supersymmetry breaking 25

of the added Higgs doublet there are now eight degrees of freedom. Due to electroweak
symmetry breaking three degrees of freedom are required to give mass to the W* and Z
boson, and consequently the Higgs sector needs to be extended to five observable Higgs
particles. The neutral CP-even SM Higgs, /°, a heavier CP-even Higgs, H°, a neutral CP-odd
Higgs, A, and two charged Higgses, H*.

Just as described in Section 1.1, the neutral components of the doublet acquire a vacuum
expectation value. Since there are two Higgs doublets, both ¢ and q)g acquire a vacuum
expectation value called v, and v,, which are related by v =2+ and tan § = v,,/vg.

2.1 Soft supersymmetry breaking

Superpartners with the same mass as their SM equivalent, so for example ms = m,, have
not been found. As a consequence supersymmetry must be a broken symmetry. The
mechanism of supersymmetry breaking is expected to occur at an energy scale higher than
the electroweak scale and perhaps as a result of a mechanism of a more complete theory that
also includes gravity. However, since the origin of the supersymmetry breaking is not known,
a phenomenological approach can be used to parametrise the mechanism by explicitly adding

operators to the supersymmetric Lagrangian presented in Equation 2.4 [55],

1 or
Lion= ml9i> + MV CVat ApA9P +Bupg? (2.7)
N—— <

gaugino masses

TV
scalar masses trilinear and bilinear scalar interactions

The supersymmetric model with the added soft supersymmetry breaking terms is referred to
as the Minimal Supersymmetric Standard Model (MSSM). By including .Zof the symmetry
of the supersymmetric Lagrangian is broken, however a large number of unknown parameters
has been introduced. The MSSM has around &'(100) parameters, when considering that
the mass terms include matrices involving all three generations. In the Constrained MSSM
(CMSSM) the amount of parameters is reduced to five by assuming that the supersymmetry

breaking parameters are universal at a higher energy scale such that

) — _ _ .
my; = mg, My = myp, Ay = A, By = B — (sign(u),tanf3). (2.8)
If universality is assumed squark masses are taken as degenerate, however, in the mass
term of the squarks there is also a term containing the mass of the partner quark from the
SM. In the calculation of the stop mass there is thus also the contribution from the SM top,

which has a much larger mass than the other quarks. As a result the stop mass is often
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singlinos
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Fig. 2.1: An illustration of the parameter space of supersymmetry [58]. The models discussed in this
thesis are N = 1 supersymmetry where the soft super symmetry breaking is described by the MSSM.
The parameter space of the pMSSM is visualised with its 19 free parameters, as well as its subset, the
CMSSM, with 5 free parameters.

taken as a separate parameter, while the rest of the squark masses are treated universally,
and is often taken as lighter than the squarks of the first two generations [56]. The same
argument holds for the sbottom mass. Still, universality for the squark mass terms m%l. is
motivated by flavour-changing neutral-current constraints (FCNC) [57], since FCNC currents
are suppressed when the differences between masses of different flavour of scalar quarks and
fermions, Am%i, are small.

In the phenomenological MSSM (pMSSM) the first and second generation of squarks are
assumed degenerate, as well as the first and second generation of sleptons, whilst the third
generation of squarks and sleptons are taken as separate parameters. The gaugino masses
are also not assumed to be degenerate, resulting in bino (M;), wino (M>) and gluino (M3)
mass parameters. In the pMSSM the amount of parameters of the MSSM is reduced to 19.
This is still a large parameter space making interpretation of searches within the pMSSM
challenging.

2.1.1 Gaugino mixing

The superpartners of the SM electroweak bosons B, W¢ and of the Higgs bosons, are the
bino B , wino W¢, and higgsinos H L?”j. The supersymmetry breaking mass parameter M
corresponds to the bino, M5 to the wino, and u to the higgsinos. The superpartners mix into
mass eigenstates called gauginos decomposed into four neutralinos )Z? » 3.4 and four charginos
5(1%2- The B, W, A, and H; mix into the neutralinos, where mixing in the (W3,I§,I:Ig,[:1,9)
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Fig. 2.2: Three possible mass spectra of the supersymmetry breaking parameters, M, M, and u,
corresponding to the bino, wino and higgsino mass respectively. The relative values of the parameters
describe the gaugino mixing which result in the )Z?, )Zg and Zli The scenario used in this thesis is
the wino-bino scenario; the next-to-lightest supersymmetric particle (NLSP) is a wino, meaning it is
mostly determined by M;. The lightest supersymmetric particle (LSP) is bino, meaning it is mostly
determined by M;.

basis is given by

—gv2 gV
Mo 0
0 M g&V2 —8Vi
me, = - SR (2.9)
X123.4 & V2 gv2 0 i

ER

82V1 —8Vi

oo B0

The W= and A* mix into the charginos, where mixing in the (W*, H*) basis is given by

moe — My V2my sin b . (2.10)

412 V2my cos B u

The mass hierarchy corresponds to different scenarios in term of mass breaking parameters
M1, M, and u. The scenario used for the analysis presented in this thesis is the wino-bino
scenario as can be seen in Figure 2.2, where the next-to-lightest supersymmetric particle
(NLSP) is a wino and the lightest supersymmetric particle (LSP) is bino.* The wino-bino
scenario is also used by the ATLAS Run-1 analyses described in section 2.3. The scenario is
able to produce the correct DM relic density and the production cross-sections (shown in

figure 2.4) are such that this scenario is accessible for searches at the LHC.”

4With myg Xm0 > 0.
5 Also other scenarios, besides the wino-bino scenario, are able to produce the correct DM relic density.
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2.1.2 Particles in supersymmetry

Supersymmetry predicts many new particles by introducing a symmetry transformation
between bosons and fermions. The resulting particles can be seen in Figure 2.3, where
the SM particles as well as the newly predicted superpartners are shown. The additional
symmetry, R-parity, introduced to protect the proton from decaying, is positive for SM
particles, P = 1, while all of their superpartners have negative R-parity, Pg = —1.

2.2 Solving shortcomings of the Standard Model

Supersymmetry provides a DM candidate, resolving the discrepancy between the SM and the
Lambda Cold Dark Matter (A-CDM) model described in Chapter 1. Besides providing a DM
candidate supersymmetry also resolves some of the other shortcomings of the SM mentioned
in Section 1.1.2. Most aesthetical shortcomings are resolved if superpartners are found at the
TeV scale, allowing the unification of the gauge coupling constants and solving the hierarchy
problem.

2.2.1 Dark matter candidate

DM in the universe can be explained by a particle as described in Section 1.2.1. Since
R-parity is positive for SM particles and negative for superpartners, R-parity ensures that
superpartners can only be created or destroyed in pairs. A heavy superpartner can decay into
a lighter superpartner, along with any number of SM particles and as a consequence the LSP
is stable. In this thesis the LSP is the lightest neutralino, )Z?, which only interacts through the
weak force and gravity, thus meeting the requirements for a DM candidate.

The remaining requirements are that DM needs to be cold and it needs to have to correct
DM relic density. From the experiments performed at the Large Electron-Positron Collider
(LEP) it is known that the )Z? has a mass larger than 27 GeV [59], making it massive
enough to be non-relativistic and to allow for structure formation of galaxies.® In order to
obtain supersymmetric models that provide the correct DM relic density, global fits in the
supersymmetric parameter space are performed as described in Section 2.4.

Gauge coupling unification

The addition of the superpartners allows for the unification of forces at the energy scale of a
Grand Unified Theory (GUT) [60], where Agut ~ 10'® GeV. The superpartners solve one

®Under the assumptions of degenerate gaugino and degenerate sfermion masses at the unification scale.
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Fig. 2.3: The particle content of supersymmetry. Supersymmetry contains the SM with an additional
Higgs doublet, and their superpartners. Each particle and its corresponding properties are visualised
in a box. At the top of each box the mass of the particle is shown. At the top right the electric charge
of the particle is highlighted in green and the colour charge is highlighted in red. At the bottom right
the spin of the particle is highlighted in orange. The SM particles have positive R-parity, Pr = 1, and
the superpartners have negative R-parity, Pr = —1.
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of the SM problems, since the introduction of new particles alters the running of the gauge
coupling constants. In order to allow for unification, if one assumes universality, the mass of
the superpartners needs to be approximately between 100 GeV and 1 TeV [61].

Hierarchy problem

Quantum corrections to the Higgs mass arise from particles in the vacuum coupling to the
Higgs as demonstrated in Equation 1.26. Supersymmetry is able to stabilise the weak scale
by protecting the Higgs mass with new particles, resolving the hierarchy problem. The
superpartners will also couple to the Higgs field and since boson and fermion loop diagrams

have opposite signs, it will change the corrections to the Higgs mass to [60],

G> G?
2 f A2 b A2
~N——"A+— A+ 0In(A 2.11
5mh 16752 + 1671:2 + n( )7 ( )

where G is the coupling of fermions and Gy, is the coupling of bosons. If there are equal
number of fermions and bosons and if they have equal couplings, the quadratic divergencies
exactly cancel. However, since supersymmetry is a broken symmetry, the particles and
superpartners do not have equal couplings. Still |m12) — m%| < 1 TeV will consequently mean
that Sm% < m%l, which will make the quantum corrections to the Higgs mass no longer

unnatural.

2.3 Constraints on supersymmetry

Since there are many supersymmetry breaking parameters that determine the supersymmetric
model space, there are many possible models to look for. Different experiments are slowly
excluding the supersymmetry phase space by putting constraints on supersymmetry. In this
section existing constraints will be discussed for supersymmetric models which have the )Z?
as LSP.

In the LHC experiments it is possible to pair produce all the different supersymmetric
particles depending on their production cross-section, and thus the LHC experiments are
able to put constraints on all the superpartners. Since the }Z? is a DM candidate, experiments
that look for DM can also put constraints on supersymmetry, through direct DM detection
experiments as well as indirect DM detection experiments. Direct detection experiments look
for rare interactions of DM via nuclear recoils on earth, while indirect detection experiments

look for DM annihilation from areas in the universe with a high expected DM density.
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Fig. 2.4: (a) Production cross-sections of the superpartners as a function of their mass in proton-proton
collisions at Run-1 with a centre-of-mass energy of /s = 8 TeV [62]. (b) Production cross-sections of
the superpartners as a function of their mass in proton-proton collisions at Run-2 with a centre-of-mass
energy of \/s = 13 TeV [63].

2.3.1 LHC Run-1

At the LHC supersymmetric particles are pair produced and subsequently decay into lighter
supersymmetric particles and SM particles. The cross-sections for pair production of super-
symmetric particles can be seen in Figure 2.4 for the LHC Run-1, with a centre-of-mass
energy of /s = 8 TeV, and for the LHC Run-2, with a centre-of-mass energy of /s = 13 TeV.
For Run-1 it can be seen that for a 1 TeV gluino the cross-section is given by ¢ (gg)= 0.05
pb.” For the electroweak pair production of gauginos the same cross-section can be found,
o7 )Zli) = 0.05 pb, but for a lower mass of 400 GeV [64]. For Run-2 the pair production
cross-section of gauginos increases with about a factor two for a mass of 400 GeV because of
the increased centre-of-mass energy. Due to the highest production cross-sections, searches
for the strong production of squarks and gluinos are able to exclude up to a high superpartner
mass.

Squarks and gluinos will mainly decay into quark and gluon jets and the LSP, )Z?. The
Run-1 searches for squarks and gluinos are therefore mainly characterised by jets, and, since
the LSP does not interact with the detector, by missing energy in the detector. The result of
the search performed by ATLAS can be seen in Figure 2.5(a). The interpretation is presented
in the CMSSM, where tan 3, Ag and the sign of u are chosen to accommodate the Higgs
mass, and the universal scalar and fermion masses at the GUT scale, mq and m; /2, are varied.

From the figure it can be seen that a limit on the gluino mass is obtained of about 1.2 TeV

"Resulting in about 1000 events where gluinos are pair produced.
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Fig. 2.5: (a) The Run-1 exclusion limit at 95% CL for squarks and gluinos in the MSUGRA/CMSSM
as a function of m /, and mg. The dashed black line indicates the expected limit, and the yellow band
indicates the £10 uncertainties. The dashed and dotted grey lines indicate a constant value of the
squark and gluino masses [65]. (b) The Run-1 exclusion limit at 95% CL for stops and sbottoms in
the pMSSM as a function of M; and mg,. The )Z? is chosen such that it is able to produce the DM
relic density. The dashed black line indicates the expected limit, and the yellow band indicates the
410 uncertainties. The dashed and dotted grey lines indicate a constant value of the stop and sbottom
masses, while the dashed light-blue line indicates a constant value of the neutralino mass [67].

[65]. A high limit on the gluino mass excludes a large part of the naturalness region, where
supersymmetry is able to make the quantum corrections to the Higgs mass no longer seem
unnatural. The gluino mass parameter, M3, enters in the top squark and gaugino masses
through loop corrections, having the general effect to pull the whole natural superpartner
mass spectrum up [66].

Still, naturalness predicts a light third-generation squark [68]. If gluinos are too heavy to
be produced at the LHC, then stop and sbottom squarks will not result from gluino decay
and need to be pair produced. The stop-antistop production cross-section is a 100 times
smaller than the gluino pair production cross-section. In stop-antistop production there are
multiple decay options, when the stop is lighter than the top there will only be the decay
r— b)Zli, where )Zli — Wt )Z?. When the stop is heavier than the top there will also be the
decay f — ¢ }Z?. For sbottom quarks a similar limit is obtained assuming b — big? . In Figure
2.5(b) the obtained limit by ATLAS is presented, showing that stop and sbottom squarks
have been excluded up to around 600 GeV for )Z? masses around 200 GeV. In both the stop
and sbottom searches the assumption is made that )Zli and )Z? are the only supersymmetric
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Fig. 2.6: (a) The Run-1 exclusion limits at 95% CL for )Zli )Zg production in the ()Zli, )Z?) mass plane.
The gaugino mixing scenario is the wino-bino scenario. The dashed black line indicates the expected
limit and the yellow band indicates the 10 uncertainties. (b) The Run-1 exclusion limits at 95% CL
for slepton-slepton production in the (slepton, )Z?) mass plane. The dashed black line indicates the
expected limit and the yellow band indicates the +-10 uncertainties [69].

particles lighter than the 7 and b. The limit is not as strong when there is a rich gaugino and
slepton spectrum with masses below the 7 or b mass.

The production cross-section of gauginos, )Zg )’Zli or )Zli )Zli, is much lower than that of
squarks and gluinos [64]. The produced gauginos decay into the LSP and SM particles,
)Zg —Z/ hfc? and )Zli —W* Z?. Since the gauginos have a low production cross-section the
ATLAS searches use the leptonic decay channel of W and Z in order to discriminate against
the SM background, giving rise to between one and four leptons and missing energy from the
LSP. In Figure 2.6(a) the limit obtained by ATLAS is presented for the wino-bino scenario.
When the mass difference between the )Zg / )Zli and )Z? is larger than 90 GeV, the W and Z
are created on-shell, resulting in hard leptons. In this case the leading lepton should have
pt > 25 GeV, and a limit on the )Z? mass up to 150 GeV is obtained. The search becomes
more difficult in the scenario where the mass gap between )Zg V4 li and )Z? is smaller than 90
GeV, where off-shell W and Z bosons are created, resulting in softer leptons. When the mass
gap is larger than 25 GeV, exclusion can still be obtained for a Z? mass up to 100 GeV. In
the more compressed region, where the mass gap between the )Zg / )Zli and )Z? is less than 25
GeV, the supersymmetric models can not be excluded.

The slepton production cross-section is even smaller; a 100 times smaller than the

production cross-section of gauginos of the same mass [64]. From naturalness arguments
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Fig. 2.7: The Run-1 exclusion limits at 95% CL for a heavier CP-even Higgs boson in the hMSSM as
a function of the parameters m, and tan 8. The value of m, fully determines the value of my. The
red hashed area demonstrates the observed exclusion, with the solid red line denoting the edge of the
excluded region. The dashed blue line represents the expected exclusion contour and the shaded bands
the 10 and 20 uncertainties on the expectation. The vertical dashed grey lines indicate contours of
constant my [70].

sleptons are expected with a mass of around 1 TeV [68], however as can be seen from Figure
2.4 the production cross-section is too low in such a high mass range. As a result it is only
possible to search for sleptons with a mass of around 500 GeV. The produced sleptons decay
into leptons and the LSP, fLilNLi — It x?l + x?. In Figure 2.6(b) the obtained limit by ATLAS
is shown, where left handed selectrons and smuons are excluded up to 300 GeV.

Another prediction from supersymmetry is a heavier CP-even Higgs boson, H. By
combining H — ZZ — 0000, Llvv Llqq,vVvqq the obtained limit by ATLAS is shown in
Figure 2.7 [70]. The result is interpreted in the hMSSM, which takes as input the measured
Higgs mass value M), in addition to M4 and tan .% The presence of another SM Higgs-like
boson is excluded up to 350 GeV for tan§ < 2.

2.3.2 Direct dark matter detection

In direct detection experiments the aim is to measure the energy released by DM particles
when scattering off nuclei in a detector [72]. DM is needed for the structure formation of

galaxies, requiring our galaxy, the Milky Way, to have a dark matter halo too, causing DM to

8The hMSSM exploits the fact that the dominant corrections to the lightest CP-even Higgs mass and the
mixing parameters that enter the Higgs couplings have a common origin and that the dominant corrections stem
from the top-quark and its supersymmetric partners, the stops [71].
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pass through the Earth. From the expected DM density on earth and the velocity of those
DM particles, a limit can be obtained on the cross-section of DM.

One of the direct detection experiments is the Xenon experiment, which looks for rare
interactions via nuclear recoils in a liquid xenon target chamber. WIMPs will not interact
electromagnetically with the electrons of an atom and will traverse the electron cloud in
order to produce a nuclear recoil. The only other particle expected to produce a nuclear
recoil is the neutron.’ Since most of the neutron background is a product of cosmic rays
interacting with the atmosphere, the experiment is built underground. The current best limit
is from the XENONIT experiment, excluding a spin-independent elastic cross-section above
4.1-10~% cm? for WIMP masses of 30 GeV [73].

The obtained DM-nucleus cross-section can be interpreted in supersymmetric models.
In Figure 2.8 the limits are shown for a wino-bino scenario for values of tan 8 = 10 and
My = 500 GeV. The squark, slepton and gluino mass parameters are chosen to be 5 TeV. For
u =750 GeV direct detection experiments rule out most of the parameter space compatible
with the correct thermal relic abundance, however for larger values of = 2500 GeV direct
detection experiments become ineffective. The larger values of u decouple the )Z? from the
Higgs sector, which results in highly suppressed scattering rates for DM with nuclei [74].
As can be seen in the figure the LHC can still access these supersymmetric models with
u = 2500 GeV.

2.3.3 Indirect dark matter detection

Indirect DM detection experiments look for DM annihilation in the universe. SM particles
are created when DM annihilates, causing an expected increased flux of SM particles from
galactic and extragalactic regions where the DM density is large. DM can annihilate into
Y-rays, which propagate along geodesics and thus point to the origin of the annihilation, as
well as into anti-matter, of which an increase suggests DM since anti-matter is sub-leading in
space [78]. Interesting areas to look for DM annihilation are in the galactic centre, dwarf
spheroidal galaxies, the galactic halo and nearby galaxy clusters.

The Fermi-LAT experiment [79, 77, 80—82] detects y-rays and is able to provide limits
on DM annihilation in the universe. The limits from searches for y-rays from local dwarf
spheroidal galaxies are included in Figure 2.8. Fermi-LAT has observed an excess of
Y-rays originating from the galactic centre, which could originate from DM annihilation
and can provide constraints on possible supersymmetric models as described in Section 2.4.
Experiments that attempt to indirectly detect dark matter through anti-matter are the PAMELA

9The neutrino interaction cross-section is too small to be a background at the moment.
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Fig. 2.8: Comparison of current and projected constraints from the LHC, direct DM detection
experiments and indirect DM detection experiments. The gaugino mixing scenario is the wino-bino
scenario and the constraints are presented in the (M>, M, — M) mass plane for (a) u = 750 GeV
and (b) u = 2500 GeV. Other chosen parameters are tan 3 = 10 and M4y = 500 GeV. The roughly
horizontal grey dotted contours give values for the mass splitting, dm = Mo — Mo, and the roughly
vertical contours give values for the DM mass, mgo. The region that predicts the DM relic density is
shown in red. The exclusion limit from the Large Electron-Positron Collider (LEP) on Myt is shown

in green [75]. The orange excluded regions are from the CMS Run-2 search for )Zg Zli —W*Z Z? )Z?
with 35.9 fb~! [76] and the projected limits for 100 fb~! and 300 fb~! are demonstrated by dashed
lines. Current and projected exclusions by the XENON1T DM direct detection experiment are shown
as blue shaded regions [73]. Projected limits from DM indirect detection experiments are indicated by
the magenta regions, where the current limit is scaled by factors of 10, 100 and 1000, with high to low
opacity [77, 74].
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satellite [83] and the AMS experiment [84]. The PAMELA and AMS-02 experiment both
observed an excess in the positron fraction, which could be interpreted as DM.

Neutrino experiments like IceCube [85, 86] and ANTARES [87] can also measure DM
annihilation, where gravitationally trapped DM in the sun can annihilate in the centre,

producing a flux of energetic neutrinos.

2.4 Global fits

The constraints on supersymmetry can be used to determine which scenarios of supersymme-
try breaking are still possible and favoured. One method to do this is to fit the supersymmetry
breaking parameters to measurements from different experiments. Such a fit is called a global
fit, as it combines all the global constraints according to which a favoured supersymmetric
model should behave. Supersymmetric models need to be able to reproduce the thermal relic
abundance of DM in the universe, be coherent with the SM, and agree with measurements
from b-physics, Higgs measurements and electroweak precision measurements.

The global fit resulting from the MasterCode collaboration [88] is shown in Figure 2.9(a).
The fit includes constraints from the DM density, ATLAS and CMS Run-1 supersymmetry
searches, Higgs mass and rate measurements, heavy Higgs exclusion bounds, the measure-
ments of BR(B; — u ™) by LHCb and CMS as well as other B-physics observables,
electroweak precision observables, the anomalous magnetic moment of the muon, and the
XENON100 and LUX DM searches [88, 89]. The fit is performed in the pMSSM-10, in
which the following 10 parameters are considered: My, M, M3, mg 2, mg3, mj, A, U, My
and tan . The region favoured by the fit is where the mass difference between the )Z? and
the )Zli is small. In Section 2.3 it is explained that this region is difficult to analyse since the
supersymmetric particles decay into off-shell W and Z bosons, which result in soft leptons.
As a consequence this region is not well constrained by the LHC Run-1 searches. It can be
seen in Figure 2.9(a) that nearly the same fit result is obtained when excluding the constraints
from the LHC Run-1 results.

A similar result is obtained by a global fit performed by the Gambit collaboration [90],
pointing to the same region as MasterCode as can be seen in Figure 2.9(b). The fit uses
mostly the same constraining observables as MasterCode, but also includes observables from
indirect DM experiments such as Fermi-LAT and IceCube [90]. The fit is performed in the
pMSSM-7, which has 7 free parameters: M, A3, Ag3, m?;, m}%{ua m,z_ld, tan . The sign of u
is fixed to be positive. Gambit identifies regions of the pMSSM-7 that exhibit co-annihilation
with the DM candidate, )Z?, to obtain the correct dark matter density. Co-annihilation of DM
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Fig. 2.9: (a) The MasterCode profile likelihood region in the ()Zli, )Z?) mass plane. Stars indicate
the best fit. The red denote the 16 level contours and the blue denote 20 level contours. The
solid and dashed contours indicate if the constraints from the LHC Run-1 are applied [88]. (b) The
Gambit 95% CL profile likelihood region in the (QZ?, )Zli) mass plane. Stars indicate the best fit.
Superimposed in red is the CMS Run-2 search for )ngcli — WiZ)Z? )Z? with 35.9 fb~! [76]. The
regions are coloured according to mechanisms by which the relic density constraint is satisfied, where
yellow corresponds to xli co-annihilation, red corresponds to 7] co-annihalation, orange corresponds
to resonant annihilation through a A/H funnel and purple corresponds to resonant annihilation through
a h/Z funnel [90].

can occur with )Zli and 77, as well as models that undergo resonant annihilation via both light
Higgs funnels, #/Z, and heavy Higgs funnels, A/H.

A fit performed in the pMSSM-15 [91] also points in the direction of the MasterCode
and Gambit global fits, where a 130 GeV bino-like )Z? is favoured. The best fit points
to a supersymmetric model with a squark mass of 2.3 TeV, a gluino mass of 2.1 TeV.
Another global fit of the pMSSM-19 [92, 93], in which all 19 parameters of the pMSSM
are considered, is performed containing the Galactic centre excess observed by Fermi-LAT.
There are supersymmetric models that provide a satisfactory explanation of the excess of
y-rays from the Galactic centre, assuming that it is produced by the annihilation of )Z?. The
fit also contains similar observables as MasterCode and Gambit including the DM relic
density, results from accelerator searches, indirect DM detection results from IceCube, Super-
Kamiokande and ANTARES, and direct DM detection results from LUX. The result of the
fit corresponds to a 7¥ with mass € [80, 100] GeV annihilating to WW, or mass € [180,200]
GeV annihilating to #7.
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As a result from the global fits, and the increased cross-section for )Zli )Zg pair production
in Run-2, as illustrated in Figure 2.4(b), a search for supersymmetric models with a )Z? in
mass range [10,300] and a )Zli/ )Zg in mass range [100,350] GeV through )Zli )Zg production
is motivated for the wino-bino scenario. The analysis for this mass range is performed at
the LHC with the ATLAS detector for the full Run-2 dataset of 139 fb~! at a centre-of-mass
energy of v/s = 13 TeV. The analysis is presented in Part IIT of this thesis. In order to be able
to interpret the results, the ATLAS detector will be discussed first in Part II.






Part 11

The ATLAS experiment






Chapter 3

The LHC and the ATLAS detector

The Large Hadron Collider (LHC) is a proton-proton (p-p) accelerator and collider with a
centre of mass energy of 13 TeV. Particles get created out of the collision energy, such as the
heavier second and third generation fermions of the Standard Model (SM), the heavy gauge
bosons W and Z, and the recently discovered Higgs boson. The production and decays of
these particles allow the SM to be studied, as well as look for physics beyond the SM, such
as supersymmetry. The higher the collision energy of the collider, the more particles it is
kinematically able to produce.

The schedule for the LHC is shown in Figure 3.1. During Run-1 of the LHC, from 2009
until 2013, data-taking at centre of mass energies of 7 and 8 TeV allowed the Higgs boson to
be discovered. During Run-2 of the LHC, from 2015 until 2018, the centre of mass energy
was 13 TeV. What is next to discover for the LHC at Run-2 and after is to be found out: in
terms of actual production of new particles in an accelerator, the LHC energy frontier is the
place to be.

At the LHC the protons are made to collide at four interaction points as can be seen in
Figure 3.2. At each interaction point there is a detector to study the collisions. The detectors
at the interaction points are ATLAS (A Toroidal LHC ApparatuS) [95], CMS (Compact
Muon Solenoid) [96], LHCb (Large Hadron Collider beauty) [97] and ALICE (A Large Ion
Collider Experiment) [98]. ATLAS and CMS are general purpose detectors, made to discover
the Higgs boson, study the SM and look for physics beyond the SM. LHCb investigates
the asymmetry between matter and antimatter by studying CP violation and rare decays of
hadrons containing b and c quarks. Also extensions of the SM are studied by looking for
effects of new particles in predicted processes. ALICE is optimised to study the Quark-Gluon
plasma created through heavy-ion (Pb-Pb nuclei) collisions.
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Fig. 3.1: The time schedule for the LHC. Run-1 took place from 2009 until 2013. During Run-1 the
LHC was operated at centre of mass energies of 7 and 8 TeV. The analysis described in this thesis
uses data from Run-2, which took place from 2015 until 2018. During Run-2 the LHC was operated
at a centre of mass energy of 13 TeV and a dataset of 139 fb~! was collected. In the future Run-3 will
take place, which will run the LHC under similar conditions as Run-2. Around 2027 the LHC will
increase its luminosity, which is referred to as the High Luminosity LHC (HL-LHC), and a dataset
of 3000 fb~! is expected [94]. In Figure 11.6 the expected result for the analysis of this thesis is
presented for the HL-LHC.

(a) (b)

Fig. 3.2: (a) Aerial view of the LHC and its circumference of 26.7 km [99]. The locations of the four
interaction points are highlighted. (b) Inside of the LHC tunnel, with a diameter of 3.7 m [100], the
protons are accelerated up to 13 TeV. The beampipe through which the protons travel is only 5.5 cm
in diameter [101, 102].
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Fig. 3.3: CERN accelerator complex [105].

3.1 The LHC

For the LHC to reach an energy of 13 TeV is a great achievement, for which almost the
whole CERN accelerator complex illustrated in Figure 3.3 is needed. The LHC uses about
120 megawatts of power [103] and the magnets, guiding the protons along the ring, require
about 120 tonnes of liquid helium [104] to keep them cold and superconducting.

Before injection into the LHC

Before protons get injected into the LHC, they pass through a series of pre-accelerators.
The pre-accelerators are mostly older accelerators that have been at the CERN site before
the LHC, like the Proton Synchrotron (PS) built in 1959. The accelerators are nowadays
linked in a chain to serve as pre-accelerators for the LHC. Protons originate from a bottle
of hydrogen. From the hydrogen atoms the valence electrons are stripped off, leaving only
protons to proceed. The protons are then sent to a series of linear and circular accelerators,
increasing with energy and momentum which each step through radio frequency (RF) fields.
Starting from the bottle of hydrogen, the protons get into the LINAC 2, then into the Proton
Synchrotron Booster (Booster), then into the Proton Synchrotron (PS) and finally into the
Super Proton Synchrotron (SPS). When arriving at the SPS the protons have already acquired
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an energy of 450 GeV, before making the final step into the LHC, where the protons will be
accelerated up to 6.5 TeV.

Accelerating protons

Protons are accelerated through oscillating electromagnetic fields, where the electric field
needs to alternate with the revolution frequency, attracting the protons when approaching,
and repulsing them once they have passed. A radio wave is a travelling electromagnetic field
which can be made such that the electric field increases, decreases and finally reverses itself,
in order to attract and repulse the protons.! At the LHC radio waves are made to resonate
within a cavity. At a specific RF the resonance of a cavity creates a strong electric field.
There are sixteen 400 MHz superconductive RF cavities in the LHC [106].

Keeping protons on track

The magnets in the LHC keep the protons confined and steer them along the approximately
circular path of the LHC tunnel. Quadrupole magnets keep the protons confined using
four magnetic poles arranged symmetrically around the beam pipe, squeezing the beam
either vertically or horizontally. Dipole magnets are used to bend the paths of the protons.
Dipole magnets make up the most part of the LHC, as it contains 1232 main dipole magnets,
each 15 m long [107]. The dipole magnets use niobium-titanium cables: the cables enter a
superconducting state when cooled at 1.9 K, through which a current of 11,080 A can run,
providing a magnetic field of 8.3 T.

The dipole and quadruple magnets interact with protons through the Lorentz force, which
for a proton of velocity v with charge e is given by

F =eE +ev x B. (3.1)

In the approximation that the transverse motion is dominated by the magnetic field, B, a
dipole magnet in a circular accelerator exerts a centripetal force on the protons given by

Fopxp= Ym” 3.2)

P

where p is the particle’s radius of curvature in the magnetic field and y(v) is the Lorentz
factor. Increasing the velocity, ¥, and thus y(v), requires increasing the magnetic field, B,
to maintain the radius of the accelerator. In order to achieve high energies with a circular

! Another option would be a high static electric field, but this is hard to make without a spark occurring.
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accelerator there are thus two key aspects: the radius of the accelerator and the magnetic
field, E, which is why the LHC has such a large circumference, 26.7 km, and why the
superconducting cables, cooled to 1.9 K, are used.?

3.1.1 Luminosity

At the LHC there are two beams of protons travelling in opposite direction. Both beams of
protons are grouped into bunches. At the interaction points the bunches cross at discrete
intervals, the bunch crossings occur every 25 ns. In a bunch there are about 1-10'! protons.
The protons in the bunches collide and interact with a cross-section o, the interaction rate is
given by n = L- o, where L is given by the instantaneous luminosity [100],

. Ngnbfrev

= e g (3.3)

where N, is the number of protons in a bunch, rn,, is the number of bunches in one beam, f,
is the frequency of bunch crossings, the beam size is expressed in terms of the transverse

3

emittance,’ €,, and the amplitude function at the interaction point,* BF. A luminosity

reduction factor, F, due to the geometry of the beams is given by

1
F=11 34
(o)) 3.4

where 6, is the beams crossing angle, o, is the longitudinal bunch length and o7 is the tran-
verse size of the beam. The integrated instantaneous luminosity over time, | Ldf, commonly
expressed in fb~!, multiplied with the cross-section of a given physics process leads to the

total number of events for that process,
N:G/ML (3.5)

where again o is the cross-section. In order to obtain a dataset with a large number of events
for each physics process the instantaneous luminosity is maximised by adjusting parameters
of the LHC such as the beam lifetime, the beam size at the collision and the crossing angle.
For Run-2 ATLAS recorded a dataset which is good for physics with an integrated luminosity
of 139 fb~! as can be seen in Table 3.1 and Figure 3.4(a).

“There is also synchrotron radiation to consider, although this is more a concern for e*e™ colliders.

3 A low emittance particle beam is a beam where the particles are confined to a small distance and have
nearly the same momentum.

4If B? is low, the beam is narrower, "squeezed". If B* is high, the beam is wide and straight.
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Table 3.1: LHC delivered Run-2 dataset for ATLAS.

| 2015 2016 2017 2018
collected data [fb~' ] | 32 33.0 443 585

Pile-up

After a fill of the LHC, when there is maximum occupancy of the bunches, there are around
1-10'"! protons in a bunch. As a result of multiple protons crossing at the same time, there are
multiple proton-proton collisions per bunch crossing. Pile-up, or u, is defined as the amount

of collisions per bunch crossing, which is proportional to the instantaneous luminosity L,

- LOinel
- )
np frev

(3.6)

where Oy 1s the inelastic cross-section of proton-proton collisions, n;, is the number of
bunches in one beam and f;,, is the frequency of bunch crossings [109]. The average u over
all bunch-crossings is referred to as (u). The pile-up profile is shown in Figure 3.4(b), where
it can be seen that on average 33.7 protons collide in each bunch crossing for the full Run-2
period.
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Fig. 3.4: (a) Total integrated luminosity during Run-2 of the LHC. A dataset good for physics has
been recorded by ATLAS with an integrated luminosity of 139 fb—!. (b) Mean number of interactions
per crossing, U, for the full recorded dataset by ATLAS during Run-2 of the LHC. It can be seen that
(u) increased over the years (from 2015 to 2016 and from 2016 to 2017). The increase in (i) is due
to an increase in the instantaneous luminosity [108].
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3.2 The ATLAS experiment

The ATLAS detector [95] is the largest detector at the LHC with a diameter of 25 m, a length
of 44 m and a weight of ~7000 tonnes. ATLAS consists of several subdetectors formed in
a cylindrical shape around the beampipe as can be seen in Figure 3.5. Starting closest to
the interaction point there is an inner tracker, called the Inner Detector (ID), surrounded by
a solenoid magnet. The ID performs a position and momentum measurement on charged
particles. Surrounding the ID there are the Electromagnetic (EM) and Hadronic (HAD)
calorimeters that perform energy measurements. The calorimeters are surrounded by a Muon
Spectrometer (MS) and toroid magnets, allowing a position and momentum measurement
of muons. All of the components of the detector try to identify the types and properties of
particles produced in the collision as accurately as possible. By combining the information
from all subdetectors it can be inferred which particles were created at the interaction point

from the hard-scatter of a proton-proton collision as can be seen in Figure 3.6.

3.2.1 Coordinate system

The ATLAS coordinate system is centred around the collision point and because of the
symmetries of the detector around the beampipe described by spherical coordinates (z, ¢, 0).
The z-axis points along the beampipe. The azimuthal angle, ¢ € [—m, 7], is the angle rotating
perpendicular to the beampipe, with ¢ = 0 pointing to the centre of the LHC. The polar
angle, 6 € [0, «], is the angle between the z-axis and the axis pointing upwards, where 6 = 0
is pointing along the beampipe. Particle production is constant under ¢, such that dN/d¢ is

invariant, however for 0 this is not the case, which is why the pseudorapidity 1 is introduced,

N = —Inftan <g>], (3.7)

under which particle production dN/dn is approximately constant. The distance AR;; is
defined as

ARij =/ (0 =17)? + (9 — 9% (3.8)

Coordinates in hadron collider physics: why do we use 17 and pr?

As a function of momentum p, the coordinate 1 can be written as

1 g
n==In (—|€|+pz>, (3.9)
2 |p|_Pz
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Fig. 3.5: Cut-away view of the ATLAS detector [95].
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Fig. 3.6: Measurements from the subdetectors are combined in order to infer what particles are
created from the hard-scatter of a proton-proton collision [110].
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where p; is the longitudinal momentum along the z-direction. Here the approximation has
been made that the mass of the particle is negligible, such that the substitution || ~ E could

be made. The actual rapidity is given by

1 E+p,
— _In( == 3.10

for which dN/dy is invariant [111].

The transverse momentum, pr, is an important conserved quantity in hadron colliders. In
a hadron collider it is not the actual protons that collide, but the partons within the proton.
The initial energy of the proton is known, but not of the colliding partons, which are given by
a parton distribution function. The colliding partons carry different longitudinal momentum
fractions x, which means that the rest frames of the parton-parton collisions will have different
longitudinal boosts. The initial pz of the colliding parton is in principle reconstructable in
a hermetic detector, but this is not the case for the ATLAS detector due to for example the
beampipe. In the transverse plane the initial pt is known, where pt = 0, which can thus be

used as a conserved quantity.’

3.2.2 The Inner Detector

The goal of the Inner Detector (ID) is to measure the position and momentum of charged
particles. The measurement of the position of a charged particle corresponds to hits in
the detectors, these hits are then combined to form a particle track. After the position
measurement the momentum can be calculated using the Lorentz force, as described in
Equation 3.1. In an axial magnetic field E, owing to the Lorentz Force V x E, the track of a

particle is a helix with radius of curvature R, such that the momentum can be calculated from
pr=0.3-B-R, (3.11)

where pr is transverse momentum in GeV, B magnetic flux density in tesla and R is the
curvature of the track in meters. To provide the magnetic flux necessary for the momentum
measurement a 2 T solenoid magnet surrounds the ID. The ID is a cylindrical shaped tracking
detector around the beampipe and has a radius of around 1 m throughout which different
detector techniques are used. The ID consists of four main parts, the Insertable B-Layer
(IBL), the Pixel detector, Semiconductor Tracker (SCT) and the Transition Radiation Tracker
(TRT). The subdetectors are organised in concentric barrels and end-caps, organised in

SAt a eTe™ collider the initial momentum along pz is known, and the momentum p can be used as a
conserved quantity.
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Table 3.2: Layout of the Inner Detector (ID) [95, 112].

Subdetector ‘ n| ‘ Layout ‘ Radius barrel layers [mm]
IBL | <3.0 | 1 barrel layer | 33.2
) 3 barrel layers 50.5, 88.5, 122.5
Pixel <23 3 end-cap disks each side
4 barrel layers 299, 371, 443, 514
SCT <23 9 end-cap disks each side
barrel from 554 to 1082
TRT < 2.0 | (73 layers of length 144 cm)
end-cap disks each side
(160 layers of length 37 cm)

wheels, on both sides. The layout of the ID can be seen in Table 3.2 and Figure 3.7. The ID
provides full coverage in ¢ and up to |n| < 2.0, when excluding the TRT the ID provides
coverage up to |n| < 2.5.

The IBL was installed in the 2013-2014 shutdown after Run-1 in order to have an
additional layer closer to the beampipe. A tracking layer close to the beampipe is important for
reconstruction as explained in Chapter 5, especially for vertex reconstruction and b-tagging.
After the installation, bowing of the IBL was observed when varying the temperature from
15° celsius to —20° celsius, caused by materials with different thermal expansion coefficients
[114]. In order to correct for this the bowing is monitored and aligned during runs as
described in Section 4.2.2.

The density of tracks is higher close to the beampipe and thus a more granular detector
is needed there. The IBL and pixel detector are the most granular detectors, with the
highest resolution, as illustrated in Table 3.3. The IBL, the Pixel detector and the SCT use
a technique where silicon is arranged between two electrodes. Silicon is a semiconductor
material containing two differently doped regions. When a doped semiconductor region
contains mostly free holes it is called p-type, and when it contains mostly free electrons
it is known as n-type. The p-n junctions between these regions are responsible for the
useful electronic behaviour. When a charged particle traverses the material it will produce
electron-hole pairs and under the influence of an electric field the electrons and holes travel
in opposite direction to the electrodes.

The TRT is a straw-tube tracker and uses a different technique; it tracks the trails of
gaseous ionisation. A straw is a drift tube of 4 mm diameter and a length of 144 cm in the
barrel (37 cm in the end-cap). Inside the straw is a 31 um diameter gold-plated tungsten anode
wire. The straw is filled with Xe/CO,/O, gas mixture (70/27/3%). The signal on each wire is



3.2 The ATLAS experiment

53

r R =1082mm

TRT

L R = 554mm
[ R=514mm

R = 443mm
scT<

R=371mm

L R=299mm

R=122.5mm
R = 88.5mm
R =50.5mm
R =33.25mm

R=0mm

Pixels

(a)

1106 mm

617 mm
560 mm

n=22 AR A%

275 mm
149.6 mm
88.8 mm

R=0 mm

2720.2 2505
2115.2 1771.4

SCT barrel

220 1399.7

SCT end-cap 1299.9
TRT end-cap

(b)

10915 634 gug
853.8

650

end-cap

580

Pixel

400.5 332
495

BL
Pixel barre|

z=0 mm

Fig. 3.7: (a) Cut-away view of the Inner Detector (ID) in ¢ traversed by a track with 7 = 0. In the
picture are shown the beam pipe, the IBL, the Pixel layers, the four cylindrical layers of the SCT and
the 72 straw layers of the TRT [113]. (b) Cut-away view of the Inner Detector (ID) in 1 traversed by
two tracks with n =1.4, and 2.2. The TRT barrel detector is not shown [95].
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Table 3.3: Techniques used in the Inner Detector (ID). The resolution shown for the IBL and pixel is
r — ¢ x z. For the SCT and TRT the resolution shown is r — ¢ [95, 112].

Subdetector | Technique | Configuration | Intrinsic Resolution [um]

IBL Silicon Pixels 8 x 40
Pixel Silicon Pixels 10 x 115
SCT Silicon Strips 17
TRT Tonisation Straws 130

discriminated against a low and a high threshold to provide tracking information as well as
particle identification. For the low threshold hits the gas is simply ionised whilst particles
that also produce transition radiation provide the high threshold hits. Transition radiation
is emitted by charged particles as they traverse the boundaries of materials with different
dielectric constants. The effect is strongest for electrons as it depends on the relativistic
factor v = E/m, which means it can be used for particle identification. In the TRT transition
radiation is created by the spaces between the straws which are filled with polymer fibres in
the barrel and foils in the end-caps. When a charged particle traverses the TRT, the transition
radiation is created by the polymer fibres and foils, which is then absorbed by the gas inside
the straws. The resulting free electrons drift towards the tungsten anode wire, where they are

amplified and read out.

3.2.3 The Calorimeters

The goal of the calorimeters is to measure the energy of particles. A calorimeter consists
of alternating layers of absorber material and active material. When a particle traverses a
calorimeter a particle shower is produced by the absorber material and the energy of the
particle shower is consequently measured in the active material. In the ATLAS experiment
there are two types of calorimeters, the Electromagnetic (EM) calorimeter and the Hadronic
(HAD) calorimeter. The EM calorimeter is designed to measure the energy of electrons and
photons, and the HAD calorimeter is designed to measure the energy of hadrons formed by
quarks and gluons in the hard-scatter process. Muons are not stopped by the calorimeters,
unless they have an Et smaller than 3 GeV. The calorimeters cover a range of || < 4.9
using different materials depending on the radiation environment, and are described in Table
3.4. In the |n| < 2.5 region matched with the ID the EM calorimeter has fine granularity
for precision measurements of electrons and photons. The rest of the calorimeter has a
coarser granularity designed to satisfy the requirements for jet reconstruction and EITniSS

measurements. The calorimeters also provide information for the trigger, which will be
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Table 3.4: Description of the calorimeters and the materials used in the different |17| ranges [95].

Name n| absorber active material

Electromagnetic calorimeter

LAr electromagnetic barrel < 1.475 lead liquid argon

LAr electromagnetic end-cap [1.375,3.2] lead liquid argon
Hadronic calorimeter

Tile barrel <1 steel scintillating tile

Tile extended barrel [0.8,1.7] steel scintillating tile

LAr hadronic end-cap calorimeter  [1.5,3.2] copper liquid argon

Forward calorimeter

LAr forward calorimeter [3.1,4.9] copper (EM) liquid argon
tungsten (HAD)  liquid argon

described in more detail in Section 3.3. In order to provide information for the trigger, there
are dedicated readout channels of the EM and HAD calorimeter with reduced granularity,
called Level-1 Calorimeter (L 1Calo) [95].

On the outside of the ID the EM calorimeter is located, which is then surrounded by
the HAD calorimeter, as can be seen in Figure 3.8. In order to quantify the energy loss
of particles interacting electromagnetically with the calorimeter the radiation length, X,
is used, which is defined as the mean distance over which a high-energy electron loses all
but 1/e of its energy through bremsstrahlung.® The EM calorimeter provides a depth of
> 22X in the barrel and > 24X, in the end-caps. The nuclear interaction length, A, is used
for hadronic particles and is defined as the mean distance travelled by a hadronic particle
before undergoing a nuclear interaction.® The depth of both the calorimeters, including
1.3A from the outer support, is 114 at n = 0, which by measurements and simulations has
been shown to be sufficient to have less hadrons punch through than the expected amount of
muons from collisions. Due to the large 1 coverage and the large depth the calorimeters
provide a good E‘TniSS measurement, which relies on measuring the total visible energy from
the collision as described in Section 5.5. A good E‘TniSS measurement is important for many
physics signatures, in particular for supersymmetry searches.

The EM calorimeter is a Liquid Argon (LAr) sampling detector with lead as material
to produce the shower. The EM calorimeter consists of a barrel, at || < 1.475, called
the LAr electromagnetic barrel, and two end-caps, at 1.375 < |n| < 3.2, called the LAr

The radiation length for a given material can be approximated by the following expression, Xy =
7164 gecm ™2 A

ZZ ) nTVZ)" and the nuclear interaction length can be approximated using, A =35 g em2AY3 [111].



56 The LHC and the ATLAS detector

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic

LAr eleciromagnetic

barrel
LAr forward (FCal)

Fig. 3.8: Cut-away view of the ATLAS calorimeter system [95]. The inner most detector in grey
is the Inner Detector, the orange detector in the middle is the EM calorimeter. The detector on the
outside in grey and green is the HAD calorimeter.

electromagnetic end-cap (EMEC). The goal of the EM calorimeter is to stop electrons and
photons and measure their energy. In materials with a high atomic number, Z, such as
lead, electrons lose their energy through bremsstrahlung and photons through e*e™ pair
production. The shower is then sampled through ionisation in the liquid argon, which
is measured by accordion shaped electrodes. The design energy resolution of the EM
calorimeter is 6 /E = 9%/VE ©0.3%.”

The HAD calorimeter uses multiple materials. The tile sampling calorimeter, consisting
of a barrel region, at || < 1, and an extended barrel region, at 0.8 < |n| < 1.7, uses steel to
produce a hadronic shower which is measured by scintillating tiles. The scintillating tiles
radiate photons when a charged particle from the shower travels through the material; these
photons are then measured by a photomultiplier tube. The LAr hadronic end-cap calorimeter
(HEC), in the range 1.5 < || < 3.2, uses copper to produce a hadronic shower which is
then measured through ionisation of the liquid argon. Finally, the LAr forward calorimeter
(FCal), at 3.1 < |n| < 4.9, uses a layer of copper to produce an electromagnetic shower and
two layers of tungsten to produce a hadronic shower, which in all layers is then measured
through ionisation of the liquid argon. The design energy resolution of the tile calorimeter is
ok /E = 50%/+/E & 3% and for the forward calorimeters oz /E = 100%/vE & 10%.”

"In the notation [0z /E = A% /\/E ® B%] A is the stochastic term and B is the constant term reflecting local
non-uniformities in the response of the calorimeter. The absolute error is given by 6z = AV'E @ BE.
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Fig. 3.9: Cut-away view of the ATLAS muon system [95].

3.2.4 The Muon Spectrometer

The goal of the Muon Spectrometer (MS) is to measure the position and momentum of
muons. The MS also provides information for the trigger, which will be described in more
detail in Section 3.3. The MS surrounds all other subdetectors; electrons and photons have
been stopped by the EM calorimeter, hadrons have almost all been stopped by the HAD
calorimeter, which leaves muons to be the only SM particle left that can interact with the
detector.® The MS is shown in a cut-away view in Figure 3.9. In terms of kinematics only
the position and momentum of muons are measured, since it is not feasible to design a
calorimeter for muons to do an energy measurement. Just like the ID, the MS relies on a
momentum measurement as calculated from Equation 3.11. An azimuthal magnetic field
is provided by air-core toroidal magnets. Within the magnetic field, the precision tracking
detectors, Monitored Drift Tubes (MDT) and Cathode Strip Chambers (CSC), are mounted
to provide a position measurement from which the pt can be inferred. For triggering there
are Resistive Plate Chambers (RPC) and Thin-Gap Chambers (TGC). Since muons are nearly
the only particles to end up in the MS, and muons are indicative of many interesting physics
processes, the MS provides important information for the trigger.

8Neutrinos do not interact with the detector and are measured as E{Piss.
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Table 3.5: The spatial and time resolution of the muon chambers. It can be seen that the MDT and
CSC have a high resolution in the z/R direction and that the RPC and TGC provide the MDT with the
measurement in ¢. The timing resolution of the trigger chambers is fast enough to keep up with the
25 ns bunch crossings [95].

Type ul Z/R resolution ¢ resolution time resolution
Tracking

MDT <2 35 um (z) - -

CSC [2,2.7] 40 um (R) 5 mm 7 ns
Trigger

RPC <1.05 10 mm (z) 10 mm 1.5ns

TGC [1.05,2.4] 2-6mm (R) 3-7 mm 4 ns

A system of three large air-core toroids generates the magnetic field for the MS, one in
the barrel and two in the end-caps. In the barrel region, over the range |1| < 1.4, muon tracks
are bent by the large barrel toroid and the field varies from 0.15 T to 2.5 T, with an average
value of 0.5 T. In the end-cap regions, over the range 1.6 < || < 2.7, muon tracks are bent by
two smaller end-cap magnets, inserted into both ends of the barrel toroid. The magnetic field
varies in the end-cap regions from 0.2 to 3.5 T, with an average value of 1 T. In the transition
region, over the range 1.4 < |n| < 1.6, muon tracks are bent by a combination of the barrel
and end-cap fields [95]. The large toroids within the MS reduce the acceptance of muons
measured by the MS, since in their position no detector can be placed. The loss in acceptance
can be seen for example in the trigger efficiency presented in Figure 8.3(a), showing the
single muon trigger reaching an efficiency of only about 80%. The RPCs have gaps in each
sector, which are structure-wise inevitable due to the barrel toroid, causing an efficiency of
around 70%. The efficiency from the TGCs is higher and amounts to around 90%.

The MDT and the CSC detectors perform a precision measurement of the position of the
muons. The MDT tracking detectors consist of a barrel region, where there are three layers
of MDTs, and four large wheels in the end-cap region, covering a pseudorapidity of |n| < 2.
MDTs are pressurised aluminium drift tubes filled with Ar/CO; gas mixture (93/7%). A
50 um diameter anode wire is centred within a 1.5 cm radius aluminium tube [115]. The
average resolution of 80 um per tube results in a resolution of about 35 um per chamber. In
the end-cap region the two innermost wheels contain CSCs at the centre of the wheel, at
pseudorapidity range 2 < |n| < 2.7. The CSCs are able to withstand the demanding rate and
background conditions in the region at high pseudorapidity. CSCs are multiwire proportional
chambers in a Ar/CO; gas mixture (80/20%) with multiple 30 um diameter anode wires

in a chamber, providing a resolution of 40 um. Also a coarse measurement in ¢, with a 5
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mm resolution, is done by the cathode wires in the chambers [116]. Tracking relies on the
two precision tracking detectors MDT and CSC, but also on the trigger chambers, RPC and
TGC. The trigger chambers complement the position measurement from the MDT and CSC
detectors by providing the position in ¢, with a resolution of 10 mm for the RPCs and 3-7
mm for the TGCs.? From the combination of these measurements the MS is capable of doing
a pr measurement in the range 3 GeV to 3 TeV in the region |n| < 2.7.

Besides providing the ¢ coordinate used for tracking, the trigger detectors, RPC and TGC,
provide bunch-crossing information and triggering information in the pseudorapidity range
|1n| < 2.4. In order to provide bunch-crossing information and triggering the detectors need
to be fast enough to keep up with the 25 ns bunch crossings from the LHC. Both chamber
types deliver signals with a spread of 15-25 ns. The RPCs are very fast detectors, with an
excellent time resolution of 1.5 ns. The TGCs are moderately fast, with a time resolution of
4 ns, but can operate in the demanding rate and background conditions in the end-cap region.
RPCs cover the barrel region with pseudorapidity range |17| < 1.05. Two resistive plates,
which are 2 mm thick, are kept at 2 mm one from each other, with the gas mixture in the
middle. RPCs detect the ionisation from a charged particle traversing a CoHyF4/C4H19/SF¢
gas mixture of (94.7,10.5,0.3%) in the detector, under a strong uniform electric field applied
by resistive electrodes [117]. TGCs cover the barrel region with pseudorapidity range 1.05
< |n| < 2.4. TGCs also detect the ionisation caused by a charged particle traversing the
gas mixture of the detector. TGCs are multiwire chambers containing 50 um diameter gold
plated tungsten wires and a very narrow gas gap [118]. The gas mixture in the TGCs is
CO,/n-CsHy, (55,45%). To form a trigger signal, between 4 to 20 anode wires are grouped
together [119].

3.3 The Trigger system

The trigger makes the decision which events to record and process further, and which events
to discard, based on certain features of the collision [120]. The trigger is needed because
when the LHC is operating with a bunch spacing of 25 ns, there are approximately 30 million
events per second to record, corresponding to a rate of 30 MHz. The rate of 30 MHz is too
high for the readout of the detector to handle, and in order to reduce the rate the trigger makes
the decision whether to store the event or not, based on the kinematic signature of the event.
When the event contains certain particles, at a defined pt, ET or angles, the event is stored by

the trigger.

By matching the MDT and RPC/TGC hits in the bending plane 7.
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Fig. 3.10: The ATLAS Trigger and Data Acquisition (TDAQ) system [121]. The Fast TracKer (FTK)
is not used for the data studied in this thesis.

The Trigger and Data Acquisition (TDAQ) system [121] operates the trigger decision
on two consecutive levels, the Level 1 (L1) and the High-Level Trigger (HLT). A schematic
overview of the TDAQ system is shown in Figure 3.10. The L1 trigger is hardware based and
able to operate fast, reducing the initial rate of approximately 30 MHz to 100 kHz. The L1
trigger is able to make a decision to store an event within 2.5 us. The HLT is a software based
trigger and reduces the rate further from approximately 100 kHz to 1 kHz. The decision to
store the event is made by the HLT in about 200 ms.

The L1 trigger makes a decision by combining limited information from the detector
about the event, such as particle type and p. In order to trigger on photons, electrons, jets,
taus and E%‘iss, the Level-1 Calorimeter (L1Calo) trigger system is used. L1Calo works
with about 7000 analogue trigger towers of reduced granularity from the EM and HAD
calorimeters. The Level-1 Muon (L1Muon) trigger system takes the data from the MS trigger
chambers. The Central Trigger combines the L1Muon with the L1Calo. The Topological
Processor (L1Topo) processes data from the L1Calo and L1Muon trigger systems using
several algorithms, which perform geometrical cuts, correlations and calculate complex
observables such as the invariant mass. The L1 trigger also determines Regions-of-Interest
(Rols) in the detector. The Rols are sent to the HLT, in which sophisticated selection
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algorithms use the full granularity event data including the Inner Detector, either in the Rol
or the whole event.

While it takes 2.5 ps for the L1 to make a decision and about 200 ms for the HLT, the
bunch crossings occur every 25 ns. A buffer is thus needed to store the data while waiting for
the trigger decision. The trigger towers in the calorimeters and MS trigger chambers contain
a buffer pipeline in order to store the data while waiting for the L1 trigger decision. After the
L1 decision the data is read out from the detectors and digitised. The TDAQ system stores
the digitised data in local buffers while waiting for the HLT decision. If the HLT decides to
store the event it will be recorded on a central storage system. The data is then subjected
to calibration procedures, including the alignment procedure described in Chapter 4, after

which the data is subjected to the reconstruction procedure as described in Chapter 5.






Chapter 4
Inner Detector Alignment

In the Inner Detector (ID) the goal is to measure charged particle tracks as accurately as
possible. The ID consists of four main parts, the Insertable B-Layer (IBL), the Pixel detector,
the Semiconductor Tracker (SCT) and the Transition Radiation Tracker (TRT) as described
in Section 3.2.2. All of the layers combined form a collection of more than 350,000 sensitive
elements, and all sensitive elements perform independent measurements, called hits, of
charged particles that travel through the detector. Each of these sensitive elements has a
position, and the positions of all the hits on the sensitive elements are used to reconstruct the
path of the charged particle, called a track. A track is the trajectory of a charged particle in the
ID and is reconstructed as described in Section 5.1. In order to do precise track reconstruction
the position of the sensitive elements needs to be known with high precision.

The better the exact position of the sensitive elements is known, the more accurately
tracks can be reconstructed. As is illustrated on the left of Figure 4.1, a not aligned geometry
causes tracks to have abrupt movements or unphysical kinks. In order to know the position
of the sensitive elements as accurately as possible track-based alignment is used. Track-
based alignment corrects the assumed ATLAS geometry to the actual relative positions
of all sensitive elements in the ID as is shown in Figure 4.2. Track-based alignment has
uncontrolled behaviour if not constrained properly: the alignment procedure is invariant to
so-called weak modes. Weak modes affect the track parameters and thus distort our ability to
reconstruct tracks properly. The method of track-based alignment is described in Section
4.1. The alignment procedure is reported in Section 4.2. Finally, monitoring of weak-modes
is discussed in Section 4.3, where new diagnostic figures allow to spot problems in the

alignment.
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Fig. 4.1: Cross-section of the Inner Detector (ID) without (left) and with (right) track-based alignment.
The real positions of the modules will be kept in an updated geometry database [122].
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Fig. 4.2: Track fit with three silicon hits. Left: As the actual displacement of the module is unknown,
the hit is reconstructed in a wrong place and the track fit is pulled to the left. Right: With an updated
geometry, the hit is reconstructed at its true position and the reconstructed track agrees with the true
track [122].

4.1 Alignment method

The ID alignment uses track-based alignment to improve our knowledge on the position of

sensitive elements. A particle track in the ID is described by the following parameters,

%:(d07Z0:¢0767Q/p)7 (41)
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where dj 1s the distance to the point of closest approach between the track candidate and the
vertex in the transverse plane, zq is the z-coordinate where d is measured, @ is the azimuthal
angle, 0 is the polar angle and ¢/ p is the ratio of the particle charge and momentum.

Track-based alignment relies on tracks to correct the detector geometry by x> minimi-
sation and this procedure is closely related to how track fitting is done. A global track fit,
described in Section 4.1.1, minimises )2 with respect to track parameters, while track-based
alignment, described in Section 4.1.2, minimises x> with respect to alignment parameters
summing over all reconstructed tracks. When correcting the detector geometry using 2
minimisation there are weak modes, which are changes of the detector geometry that do
not change the x2. Track-based alignment is not able to correct for these weak modes, as
they are invariant to the procedure of minimising y2. Weak modes are alternative detector
configurations, with respect to the true detector configuration, which are thus equally correct
to the alignment procedure. Weak modes are described in Section 4.1.3.

4.1.1 Global track fit

The quality of a track is measured by its 2, a goodness of fit, and is thus a measure for how

well the detector is aligned. The x? of a set of measurement is defined as

2

2 Ti
=Y 5, (4.2)
i O
where r are the residuals and o are the errors associated with the measurement. Residuals
are the distance of the measurement to the assumed position and are defined as following,

ri=m; —hi(7,d), (4.3)

where m; is the measurement and 4; is the estimated value from the track fit for datapoint i.
The track hypothesis h depends on 7, the track parameters, and d, the alignment parameters.
The errors of the measurements m; are correlated so the covariance matrix V is introduced,
a matrix containing the detector measurement errors with all correlations. An example source
of correlation is the contribution of Multiple Coulomb scattering, which has an effect on
subsequent measurements. In order to include the covariance matrix, Equation 4.2 is rewritten

1n matrix notation,

x> =7%a)Tv 77,4 (4.4)

Before describing the alignment procedure, it is important to understand how tracks are

reconstructed. Track fitting is done by minimising the y? for an initial assumed geometry
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. The method that minimises the 2 with respect to all track parameters simultaneously is
called a global track fit. By minimising Equation 4.4 the smallest residuals for the track fit

are found,

dx* d .. o peo i L
7ﬁ;::3%((1,0ﬂW’ldr,0D::
s N\ T s o
(%) VIRE, @) + (T, d0) TV ! (W — 4.5)
di(,a)\T. . .
2 ( . 0)) V1R @) =0,

which means that this gives the best estimate for the track parameters 7.

In a simple geometry and a limited number of hits, Equation 4.5 without any modifications
can be used. However, when a more complex scenario is considered, Equation 4.5 becomes
a large set of non-trivial equations. The ATLAS detector has complex detector shapes and
events can contain a large amount of vertices. A Taylor series is performed expanding to the
first derivative of Equation 4.5 around initial track parameters 7, which are assumed to be
close to the final solution of the track parameters 7,

dy?> dy

Y o~
~

2 d2x2
dt ~ dt

+_

=1

A Taylor series to the first derivate is a linear approximation, which means that in case 7 is
close to our final solution 7, the approximation is valid. The track parameter 7 results from
the equation as follows,

4.7)
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By iterating Equation 4.7, successively better results for T are obtained; this is called the

Newton-Raphson method. The process is repeated as

=a) w

until a convergence criterion value is reached, defined by a minimum change in x2.

dZXZ

?n—ﬁ—l = f;z - (d—%z ) (4.8)

-

=1,
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4.1.2 Track-based alignment

Track-based alignment [123, 124] minimises track-to-hit residuals from Equation 4.3 by
correcting the alignment parameters a, where they were set constant to ag, the assumed
geometry, before. As a is common to all reconstructed tracks [125], track-based alignment
derives the alignment parameters ¢ by minimising the )2 of the sum of all tracks with respect

to a,

a’ _,. y (dr(r’a))TV_lr(’c,a))) 0. (4.9)

da tracks da

Minimising with respect to a will give us the detector geometry for which the goodness
of fit is best for all the tracks considered in the alignment procedure. When using a large set
of tracks inaccurate hits or statistical fluctuations get averaged out resulting in an estimate of
the true geometry a.

A similar linear approximation is made as in the previous Section 4.1.1, but here the
approximation is done around the assumed geometry ay,
42>

da?

~

g dn

P P (a—ap), (4.10)

a=ay

a=ay
which again means that in case ag is close to our final solution &, the approximation is

valid. Alignment constants then follow from

~1
A2 72 dr?

a=ay— | EX 2 (4.11)

da a=ay da a=ay
By iterating Equation 4.11, successively better results for a are obtained. Analogous to

the global tack fit the process is repeated as
d2 %2 -1 de

=a,— | =5 —— . 4.12
an+1 an daz —a da —a ( )

In order to simplify notation and make Equation 4.11 more understandable, the equation
can be rewritten as
— — —1=
an = anp — M, , Un, 4.13)

where @, denotes the obtained n-dimensional vector of alignment constants. The n-

dimensional vector a, o contains the initial assumed alignment. The nxn matrix M, ,{ 18
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-1
) (4.14)

and needs to be inverted. The matrix contains the second derivative of x2 to the alignment

given by

M-l (dzlz
e\ da?

constants. The n-dimensional vector v, is given by

U, = : 4.15
Ja (4.15)

a=ay,

which contains the first derivative of y? to the alignment constants.

4.1.3 Weak modes

In track-based alignment there are certain modes in the matrix M,, ,,, from Equation 4.14, to
which fitted tracks have little sensitivity to correct the alignment parameters. Weak modes
are alternative descriptions of the detector geometry and are different from the true detector
description. Weak modes preserve the helical trajectory of tracks and therefore do not affect
the x2. The different configurations provide us with the same quality of track fits, and are
the main source of systematic uncertainties associated with the alignment procedure [126].
They are called weak modes because they correspond to near-singular modes of the
solution to the alignment problem. One can try to understand this by looking into M, ,,

d7 T d7
a=ay =27 ), (%) v (%) (4.16)

tracks

d2 2
M= "G
a

which is a symmetrical matrix where all off-diagonal entries contain the correlations between
detector elements. It can be imagined that there are many configurations in which this matrix
can produce similar results with different alignment parameters, due to correlations. A weak
mode is a set of such alignment parameters which leaves M,, ,, invariant, and thus is invariant

to the alignment procedure.

4.2 Alignment procedure

Track-based alignment is used to correct the assumed detector geometry to the actual relative
positions of all sensitive elements in the ID. The new geometry is stored in a database
and subsequently used by the reconstruction [127]. Again, there are more than 350,000

sensitive elements within the ID, corresponding to a large number of free parameters. Due to
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computation time and limited amount of tracks the alignment procedure can be split up into
different groupings of alignable structures. These grouping are called alignment levels and
are described in Section 4.2.1. Once the alignment levels have been established the frequency
of the alignment is discussed in Section 4.2.2. For each data taking period there are different
alignment campaigns, as well as run-by-run alignment. The alignment with first stable beams

in 2016 is also discussed in this section.

4.2.1 Alignment levels

The alignment levels form a hierarchal structure, where the number of alignment parameters
increases per level. The main compromise for choosing between the levels is the number
of tracks that are available and the computation time. With each increment in alignment
level more tracks are needed and computation time will be longer. The number of tracks is
important to have a good amount of statistics. Computation time to obtain the alignment
constants mainly depends on the inversion of M, ,. As M, , contains all the alignable
structures, its size increases with each level. A larger M,, ,, to invert means longer computation
time.

There are three main alignment levels, Level 1, Level 2 and Level 3. They are defined as
Level 1 for large structures, Level 2 for separate layer and end-cap disk alignment, and Level
3 for alignment of separate modules. A more detailed description of the alignment levels and
the corresponding number of alignable structures is given in Table 4.1. The orientation and
positioning of an alignable structure in space is determined by six degrees of freedom, three
translations 7, Ty and T, and three rotations Ry, R, and R,. The IBL has one extra degree of
freedom for bowing as discussed in Section 3.2.2.

4.2.2 Frequency of alignment

For Run-2 alignment campaigns are done for each data taking period: 2015, 2016, 2017
and 2018. There can be movements at the beginning of a data taking campaign and several
changes in detector conditions, but within a data taking period it is assumed that the detector
stays more or less the same. Only global movements and IBL bowing are corrected per run.

At the beginning of a data taking campaign there is no data yet to perform the alignment
procedure; so before a data taking period starts, alignment can be done using calibration runs
which consist of cosmic ray data and initial collisions runs. At this point alignment constants
will be calculated at Level 2 and Level 3 if statistics allow to do so. The number of tracks
will be limited in this case, making the alignment less precise. After the initial alignment

constants have been derived, alignment can be done with the first stable beams of that data
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Table 4.1: Alignment levels as defined in the software for each of the subdetectors. Naming and
number of structures to be aligned at each level are given [128].

Alignment level \ Detector Alignable structures

Level 1 IBL: layer

Pixel: barrel and end-caps

SCT: barrel and 2 end-caps

TRT: barrel and 2 end-caps
Total

Level 2 IBL: layer
Pixel: barrel layers
Pixel: end-caps
SCT: barrel layers

2 OVW = |[00W W MFR —

SCT: end-caps 18
TRT: barrel modules 96
TRT: end-caps wheels 80
Total 208
Level 3 IBL: modules 280
Pixel: barrel modules 1456
Pixel: end-caps modules 288
SCT: barrel modules 2112
SCT: end-caps modules 1976
TRT: barrel wires 105088
TRT: end-cap wires 245760
Total 356960

taking period. The results of the first stable beam alignment in 2016, which has been worked
on during this thesis, is described later in this section. When more data becomes available in
a data taking period, alignment constants at Level 2 and Level 3 are recalculated, typically
during a technical stop.

For each run alignment constants are calculated at Level 1 during the Calibration Loop.
These corrections are calculated on top of the baseline alignment constants derived at the start
of a data taking period or during a technical stop. Alignment is done at Level 1 because a run
has a limited amount of tracks and because the frequency of this computation is about once a
day, since there is a run every ~ 12 hours. The Level 1 alignment in the Calibration Loop is
described in Table 4.2, showing that global movements and IBL bowing are corrected. The
alignment levels shown in the table are labeled Level 11 and Level 16, which correspond

to specific configurations of Level 1 corrections. Level 11 corrects global movements, as
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Fig. 4.3: IBL distortion magnitude in the transverse plane per luminosity block (LB) range for LHC
fill 4560 averaged over all 14 IBL staves. The ‘default’ data (open blue squares) shows the average IBL
distortion in the transverse plane after the default Inner Detector (ID) alignment. The ‘LB corrected
alignment’ includes an additional time dependent alignment correction (solid black circles) [129].

well as the IBL bowing magnitude, M, averaged over the 14 staves. Level 16 corrects for the
bowing in each stave independently, while keeping the rest of the ID fixed.

One set of Level 11 alignment constants is calculated for each run. Level 16 alignment is
performed multiple times during a run, because the magnitude of IBL bowing can change
over the course of a run as demonstrated in Figure 4.3. A run is divided into luminosity
blocks (LB), an interval of constant luminosity and stable detector conditions, which have a
length of the order of one minute. The Level 16 alignment intervals correspond to 100 LBs,
for each of which a separate set of alignment constants is obtained. For both Level 11 and
Level 16 the first 60 LBs are not considered in the alignment, to remove the effect at the start
of a run where there can be a bias due to pixel movement of a few um because of the detector
temperature.

At the end of a data-taking period the whole alignment procedure is performed again in a
reprocessing campaign. Here the alignment constants at Level 2 and Level 3 are recalculated.
For each run new Level 1 alignment constants are calculated on top of these new alignment

base constants, similar to the Calibration Loop during the data taking period.
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Table 4.2: Alignment levels in Calibration Loop. At Level 11 the IBL bowing magnitude, M, is
averaged over the 14 staves. At Level 16 each of 14 staves in IBL has a separate bowing magnitude
[130].

Level 11
Structure | . T, T. R« Ry R. M
IBL v v v v v v v (dof)
Pixel v v v v v Vv X
SCT: barrel Kept fixed as reference
SCT:end-caps | v v X X X Vv X
TRT: barrel v Vv o x v v Vv X
TRT:end-caps | vV vV X X X VvV X

Level 16
IBL X X X X X x v (14d.o.f)
Pixel Kept fixed as reference
SCT Kept fixed as reference
TRT Kept fixed as reference

Alignment with first stable beams in 2016

During this thesis the alignment with the first stable beams in 2016 was performed. The
alignment was performed starting from previously derived aligned constants obtained during
calibration weeks before the start of data taking. In Table 4.3 the steps that were undertaken
for each alignment level are presented. The number of iterations done at each level is
determined by the convergence of the alignment parameters, an example is illustrated for step
2 in Figure 4.4. The goal of the alignment procedure was to obtain alignment constants at
Level 3, which have been derived for the IBL, Pixel and SCT barrel, and the Pixel end-caps.
Level 3 alignment for SCT end-caps and TRT have not been derived as both subdetectors
contain a lot of alignable structures as can be seen from Table 4.1; for such a granularity
more statistics are needed.

The performance of the alignment is measured using unbiased track-to-hit residuals.
Unbiased means that the hit under consideration will be taken out of the track fit when the
track-to-hit residual is calculated. The mean of the residuals is expected to be at zero in case
of correct alignment, and the smaller the full width at half maximum (FWHM), the smaller
the residuals. The aim is a FWHM of the order of 10 um for the Pixel and SCT detectors,
and of the order of 100 um for the TRT [131]. In Figure 4.5 the performance of the IBL
and Pixel alignment is presented. The mean of the residuals for the IBL and Pixel barrel,

and Pixel end-caps is within 1 —2 um after alignment. In Figure 4.6 the alignment of the
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Table 4.3: Steps that were undertaken for in the alignment with first stable beams in 2016.

Step \ Alignment level Iterations Goal
1 \ Level 11 6 Correct global movements
Comments:
Old constants are used and Pixel barrel is kept as reference
IBL aligned with 6 d.o.f. (there was no apparent bowing shape after quiet beam alignment)
2| Level 2 4 Pixel and SCT barrel+end-caps
Comments:
IBL and TRT fixed as reference
3 | Levell6 4 IBL staves
Comments:
Rest of ID fixed as reference
4 | Level 3 8 IBL modules
Comments:
Rest of ID fixed as reference
5 ‘ Level 3 4 Pixel and SCT barrel
Comments:

Additional constraints on dy, zo and momentum
TRT is fixed as reference

6 Level 3 3 Pixel and SCT barrel and Pixel end-caps

Comments:
Additional constraints on dy, zg and momentum
TRT is fixed as reference

7 Level 2 4 TRT barrel+end-caps

Comments:
Rest of ID fixed as reference
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Fig. 4.5: Mean of the residuals in IBL, Pixel barrel and Pixel end-cap modules as a function of 1 and

¢. The mean of the residuals for the IBL, Pixel barrel and Pixel end-caps is within 1 — 2 um.
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Fig. 4.8: Definition of the transverse impact parameter dy [132].

SCT is demonstrated. The mean of the residuals for the SCT barrel is within 1 — 2 um, and
for the SCT end-caps within 5 pm. The SCT barrel displayed an oscillatory pattern in N
of its modules after the shutdown, this happened before after a shutdown. The track-to-hit
residuals for the TRT alignment can be seen in Figure 4.7. The mean of the residuals for the
barrel is 1 um, 4 um for end-cap A and 3 um for end-cap C.

4.3 Alignment monitoring

The alignment procedure is invariant to weak modes as described in Section 4.1.3. While
the weak modes provide the same quality of track fits, they do affect the track parameters
highlighted in Equation 4.1, of which the most important ones are dy and ¢/ p. Measurements
related to beam-spot reconstruction, primary and secondary vertex fitting, and b-tagging
performance all rely on a good estimation of dy, while ¢/p is important for the invariant
mass of resonances.

Track parameters dy and zg are the distances from the point of closest approach of a
chosen reference in the transverse plane and along the z-axis, respectively. The definition
of dy can be seen in Figure 4.8. The reference point of the dy parameter is free to choose.
Generically the reference point for dy is defined to be the primary vertex (PV) or the beamspot;
for example in a Z — puu decay it is defined as the vertex of the Z. When looking at a large
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Fig. 4.9: Mean d as a function of prt. A bias in dy was introduced by the alignment procedure during
the first technical stop in 2016.

number of tracks, dj is expected to be centred around zero, since particle production is
uniform in the transverse plane. If the mean d deviates from zero, a bias is observed.

As mentioned, a weak mode introduced by the alignment procedure affects the track
parameters. When the alignment procedure was performed during the first technical stop in
2016, a bias in track parameter dy was introduced as a consequence of a weak mode as can
be seen in Figure 4.9. The two types of weak modes that could be responsible for this are:
a radial expansion, discussed in Section 4.3.1 and illustrated in Figure 4.10(a), or a curl as
presented in Figure 4.10(b).

4.3.1 Radial expansion

A bias in d can be explained as a a global radial expansion of all layers of the ID. Figure
4.11 demonstrates how a radial expansion, denoted by the dotted lines, of the true detector,
denoted by the solid line, causes a bias in dy. The alignment parameter, Ry ayer, the radius
of curvature of the track, Ry, and dy are highlighted. For ease of illustration, it is assumed
that the track is tangential to the first measurement plane. It can be seen that the following
formula can be constructed [132],

Ry +dy = \/R?

Layer + R"z[‘rk' (4 17)
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(a) Radial expansion. (b) Curl distortion.

Fig. 4.10: Example of weak modes affecting the measured particle. The detector deformation as well
as the impact on the reconstructed particle momenta are illustrated. The true particle trajectories are
shown as dashed lines, and the reconstructed trajectories as solid lines [126].

K

RTrk + d0= (RzLayer"' RzTrk) 12

Fig. 4.11: Schematic diagram of global expansion of the detector and its impact on the measurement
of the transverse impact parameter, do [132]. The radial expansion is denoted by the dotted lines and
the true detector is denoted by the solid line.

Assuming a global radial expansion of all layers of the detector by a factor 1+ dr, the
alignment parameter would then change by

Riayer — Riayer(1+dr). (4.18)
Also the radius of curvature of the track, Ry, of all tracks will be scaled by a factor 1 +dr,

Rrk — Ry (1 +dr). (4.19)
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The measured dj then also moves by a factor of 1 +dr,
do — do(1+dr). (4.20)

Reorganising this equation an observed bias in the impact parameter, Ad, of tracks can be

interpreted as an expansion of the detector,

S, = Ado (4.21)

2 2 '
RLayer + RTrk — Rk

Assuming a radial expansion of about 0.1% this corresponds to an observed dy bias of around
2.5 um, which is a bias that can easily be introduced by alignment.

There are a few things to note about the effect of a radial expansion on the measured
impact parameter. The first is that positive and negative tracks will be biased in opposite
directions, because when the detector expands the measured dy will move in the direction
of the point of curvature of the track. The second is that if there are an equal number of
positive and negative tracks, the change on the average dy should be zero as the effects cancel
out, but, the resolution will be degraded. The third aspect to note is that tracks with a lower

momentum will be more sensitive to radial biases, due to the smaller radius of curvature.

4.3.2 Monitoring of djy and z

The alignment procedure can cause a bias in dy or zg due to weak modes, and such a bias has
a negative effect on the ability to reconstruct tracks. In order to prevent such a bias being
introduced by the alignment as happened after the first technical stop in 2016, new diagnostic
figures for dy and zg are introduced. The figures allow to spot problems in the alignment
during data taking and allow to correct the bias before the data is used by the collaboration.

For the diagnostic figures of d or zg, the chosen reference point is the PV of the event.!
The monitoring is split up into several different categories of track charge and pt. Tracks
with different charge are monitored because they follow an opposite helical trajectory from
one another, and the pr of the track is monitored because the accuracy to reconstruct a track
depends on the track’s radius of curvature in the detector. The different categories that are
monitored are demonstrated in Table 4.4.

The different categories are further split up into 17 and ¢ bins to monitor the different
detector areas. For each 1 and ¢ bin an iterative gaussian fit is performed as highlighted in

Figure 4.12. The previous fit parameters are used as input until the mean converges, to extract

I'The PV should have at least 10 tracks associated to it.
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Table 4.4: Monitoring is split up into different categories of and pr in order to monitor a bias in dj or

20-

Charge PT
Positive tracks 400 — 600 MeV
600 MeV —1 GeV
1-2GeV
2—-5GeV
5—10 GeV
> 10 GeV
Negative tracks | 400 — 600 MeV
600 MeV —1 GeV
1-2GeV
2—-5GeV
5—10 GeV
> 10 GeV

the mean of the dj and zg distribution. After the 7 and ¢ bins have been fitted, they are

combined into 1] and ¢ maps as shown in Figure 4.13. A selection of the diagnostic figures

can be seen from the 600 MeV-1 GeV pr category. Besides creating maps, also profiles in ¢

and 1 have been made as presented in Figure 4.14.

The monitoring plots are used in the Data Quality (DQ) webmonitoring, as displayed in

Figure 4.15. The monitoring assigns a flag to indicate the severity of the bias in dp and z, of

which the values are presented in Table 4.5. Using this new procedure the bias in dj or zg can

be observed for every run. It allows to assess whether a bias in dj or zq is being introduced,

such that unlike in the first technical stop of 2016, such a bias will be noticed in advance.

Table 4.5: Flags for the webmonitoring that will indicate if a bias in dy or z¢ is present in the data.

Flag

average dy and zq bias

Green
Yellow
Red

1 —2pum
2 —4um
>4 ym
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Fig. 4.12: Fit in one of the 1) and ¢ bins. The mean of the iterative gauss fit is -0.002294, where the
arithmetic mean is 0.00305. The tails of the dy and zg distribution affect the mean and the fit on the
core of the gauss makes sure the correct result is obtained.

map d0 vs phi_vs_eta 600MeV-1GeV positive map d0 vs phi_vs_eta 600MeV-1GeV negative
=25 0.0 =25 0.0

-0.02 ) -0.02

-0.03 -25 -0.03

-3 -2 -1 0 1 2

(a) Positive tracks. (b) Negative tracks.

1 2 -3 -2 -1 0

Fig. 4.13: Monitoring of dy using maps of 1 and ¢ for tracks of pr between 600 MeV-1GeV.
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Fig. 4.15: A screenshot of the Data Quality web monitoring of run 348609, showing the

physics_BphysLS stream. The green and yellow flags indicate if a bias in dy or zg is present in
the data.






Chapter 5
Event reconstruction

In the ATLAS detector particles are produced in proton-proton (p-p) collisions. The particles
travel through the detector and are measured by the various subdetectors as described in
Section 3.2. The measurements from these subdetectors provide us with raw data, the digitised
detector response. However, not the digitised detector response, but the created particles
and their physical properties are required to study p-p collisions. The event reconstruction
is done starting from the digitised detector response of the ATLAS detector to see which
particles were created in the p-p collision.

The event reconstruction first combines hits in the Inner Detector (ID) to form particle
tracks. These tracks are then combined to reconstruct the spatial position of the p-p interaction,
the vertex. The reconstruction of tracks and vertices is described in Section 5.1. Tracks
are then combined with measurements in the Electromagnetic (EM) and Hadronic (HAD)
calorimeters and the Muon Spectrometer (MS) to reconstruct particles and their physical
properties. The reconstruction of jets is discussed in Section 5.2, of leptons in Section 5.3

and 5.4, and of missing transverse momentum, E7"*, in Section 5.5.

5.1 Track and vertex reconstruction

Charged particles originating from the p-p collision create hits in the ID. The event recon-
struction in the ID combines these hits to form particle tracks, where the geometry of the ID

obtained from the alignment procedure described in Chapter 4 is used. Particle tracks are
combined to find the vertex of the particle. The vertex with the highest Zi.v”" p% is called the

primary vertex (PV), the other vertices are labeled as pile-up vertices.
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5.1.1 Track reconstruction in the Inner Detector

Hits in the ID are combined into tracks corresponding to a charged particle. Charged particles
follow a helical trajectory due to the axial magnetic field in the ID and are identified using
the New Tracking Algorithm [133]. Tracks can originate from the p-p hard scatter, which
are labeled as primary tracks, from the decay of a long-lived particle, which are labeled as
secondary tracks, or from interaction of the particle with the material, which are labeled as
conversion.

For primary tracks an inside-out track reconstruction algorithm is used. The algorithm is
referred to as inside-out because it seeds at the inside of the ID, starting from three hits in
separate layers of the innermost part of the ID: the IBL, Pixel and SCT detectors. A Kalman
filter is then used to decide which hits in the Pixel and SCT layers outward from the seed
are added to form the track [134, 135]. After having identified the potential tracks a scoring
algorithm decides which tracks to keep by resolving track ambiguities [136]; an example of
a track ambiguity is when a hit is shared by two different tracks.

For secondary and conversion tracks an outside-in track reconstruction algorithm is
applied. In this algorithm the seed starts from the outside part of the ID: the TRT segments.
Starting from the outside TRT seed, hits are added from the innermost part of the ID, the
SCT, Pixel and IBL.

After having identified hits that belong to a track, a global track fit is performed to obtain
the particle track from the combined hits, as described in more detail in Section 4.1.1. Tracks
are described by the following parameters: dj is the distance to the point of closest approach
between the track candidate and the vertex in the transverse plane, zg is the z-coordinate
where dj is measured, ¢y is the azimuthal angle, 6 is the polar angle and ¢/p is the ratio of
the particle charge and momentum.

Since the particle follows a helical trajectory because of the axial magnetic field, the

momentum can be determined by
pr=0.3-B-R, (5.1)

where B is the magnetic flux density and R is the curvature of the track. The magnetic
flux density in the ID is 2 T, causing tracks with a pt < 400 MeV to bend away from the
calorimeter by the solenoid magnetic field in the ID cavity [95]. As a consequence tracks are
reconstructed with a pt > 400 MeV.

The track reconstruction efficiency can be measured using MC as demonstrated in Figure
5.1. It can be seen that different selections have been used, Loose and Tight Primary,
corresponding to different quality cuts. The Loose selection allows for holes in the Pixel
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Fig. 5.1: Track reconstruction efficiency (a) as a function of 1 for pr > 400 MeV and (b) as a function
of pr for [n| < 2.5. The efficiency is evaluated by using minimum bias simulated events for Loose
and Tight Primary track selections. The coloured bands indicate the total systematic uncertainty
[137].

layer and requires at least 7 hits in the Pixel and SCT layers, while the Tight Primary
selection does not allow holes in the Pixel layer and requires 9 or 11 hits in Pixel and SCT
layers depending on 1.! It can be seen that, as a consequence of the tighter quality cuts, the
Tight Primary selection has a lower track reconstruction efficiency.

There is the possibility that a reconstructed track does not correspond to a particle from
the p-p collision, but instead is a random combination of hits that forms a helical trajectory,
such a track is called a fake track. As is shown in Figure 5.2(a) the number of tracks in an
event increases with increasing pile-up, i, as described in Section 3.1.1, meaning there will
be more hits in the ID. If there are more hits in the ID the number of random combinations
that forms a helical trajectory, and thus fake tracks, will increase. Figure 5.2(b) illustrates that
the Tight Primary selection is more effective at reducing the fake tracks at high pile-up
compared to the Loose selection. Using the Tight primary selection the fake rate is below
1% at higher L.

5.1.2 Primary vertex reconstruction

To reconstruct the PV it is required to assign particle tracks to the correct vertex. Due to
pile-up there are multiple vertices in an event as presented in Figure 5.3. An algorithm
assigns particle tracks to the correct vertex. The tracks selected for the vertex reconstruction
are Tight Primary. Tracks are combined to find their common origin: the spatial position

of the p-p interaction vertex. An algorithm applying an iterative procedure starts with a seed

'A hole is a missing hit on one of the layers the track traverses.
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Fig. 5.2: (a) Average number of reconstructed tracks as a function of u for data and minimum bias
simulation. The statistical uncertainty on the mean number of tracks is considered, but is too small to
be seen. (b) Estimation of the tracking fake rate, derived from the deviation from linearity of a fit to
(Nrracks) as a function of p. The fit is denoted as f(ut). The displayed u range for data, in contrast to
simulation, is limited by the available u values in the data sample [137].

for a vertex and then measures a track’s compatibility with that particular vertex [138]. The
global maximum of zg over all combined tracks, with respect to a fixed reference point, is
taken as the seed. Using a x2 adaptive vertex fitter the compatibility of each track with the
vertex is assessed [139] and tracks that match the vertex are assigned to the seed. The next
iteration then starts analysing the tracks that were not assigned to the previous vertex in order
to find the next vertex. The procedure is iterated until no additional vertices can be found.

Once all the vertices are found the vertex which has the highest Zﬁv”" pZT is assigned
to be the PV. The remaining vertices are pile-up vertices. This criterion is based on the
assumption that the charged particles produced in p-p collisions have on average a harder
transverse momentum spectrum than those produced in pile-up collisions [143]. Figure
5.4(a) highlights the performance of the vertex reconstruction. The figure shows that with
four tracks the efficiency for vertex reconstruction is above 99% in a low-u run. Figure
5.4(b) shows that even though the vertex reconstruction is fully efficient at four tracks, the z
resolution still increases with more tracks. An increased z resolution helps to assess whether
a track corresponds to the PV.

5.2 Jets

Quarks and gluons are produced by the p-p interactions and since they are colour charged
particles they are not observable as free particles. Quarks and gluons created in the collision

undergo a fragmentation and a hadronisation process, eventually forming colourless hadrons.
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Fig. 5.3: Event display showing a Z boson decaying into two muons with 11 reconstructed vertices
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Fig. 5.4: (a) Efficiency of vertex reconstruction as a function of the number of tracks in low-u
data [141, 142]. (b) Primary vertex (PV) z resolution as a function of the average number of
tracks used in the Split-Vertex method. The Split-Vertex method works by randomly splitting the
reconstructed vertices in two, each part conserving approximately half the original number of tracks
with approximately the same )} pr, such that two independent vertices can be reconstructed. It is
possible to use their separation to get an estimate of their combined intrinsic resolution.
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The colourless hadrons form a narrow cone originating from the original quark or gluon.
This collimated spray of hadrons is called a jet. The HAD calorimeter stops the jets and
measures their energy deposition and position. The signature of a jet is a large energy deposit
in the EM and HAD calorimeter and collimated charged particle tracks in the ID.

Reconstruction

Jets typically leave a large energy deposit in the calorimeter. Calorimeter clusters are built
from neighbouring calorimeter cells [144] and jets are then reconstructed using the anti-k;
algorithm [145] if they pass a pr threshold of 7 GeV. The algorithm merges calorimeter
clusters together using,

d; = Ef), (5.2)

and,
2

AR?.
dij = min(E%{j.,E%{’j)R—z”, (5.3)

where E7 is the transverse energy, R defines the size of the jet cone, and ARIZJ the distance
between two un-merged jets. The algorithm finds the smallest of all the d; and d;; and labels
it dyi. If the d,y,;, that is found is originally calculated from d;, the algorithm merges clusters
i and j into a new cluster k, and the algorithm continues. If the found d,,;, is calculated
from d;, it means the corresponding cluster i is not mergable and i is removed from the
list of clusters and added to the list of jets [146]. The case of p = —1 corresponds to the
anti-k; algorithm; it ensures that soft radiation will be clustered together to the hard object
before being merged between themselves. Jets are clustered using R = 0.4. Jets also leave
collimated sets of charged particle tracks in the ID. The particle tracks that can be associated
to the jet must be within full acceptance of the ID (|| < 2.5), need to have a minimum pr
of 500 MeV and need to be associated to the hard-scatter vertex. A neural network clustering
algorithm [147] groups the tracks that belong to the jet.

After the jet has been reconstructed the energy is calibrated. The Jet Energy Scale (JES)
calibration [144] calibrates the reconstructed jet energy with a series of simulation-based
corrections and in situ techniques. Also muon track segments are used in the jet calibration
to capture the jet energy carried by energetic particles not stopped by the calorimeter. The
calibration stages are summarised in Figure 5.5 for jets that are reconstructed with the
anti-k; algorithm and radius parameter R = 0.4 at the electromagnetic energy scale (EM
scale), corresponding to 0.2 < pJTet < 2 TeV. The uncertainty for the different steps in the JES

calibration versus pt and 7 is visualised in Figure 5.6.
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Fig. 5.5: Calibration stages for jets at the EM scale reconstructed with the anti-k; algorithm and radius
parameter R = 0.4. Each stage of the calibration corrects the full four-momentum of the jet [144].
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Fig. 5.6: (a) Fractional jet energy scale systematic uncertainty components as a function of p%et atmn =
0.0. (b) Fractional jet energy scale systematic uncertainty components as a function of 1 for p%et =60
GeV. The uncertainties are fairly constant with respect to 17, and a dedicated uncertainty is introduced
for 2.0 < |n| < 2.6 to account for details in the calorimeter energy reconstruction, where a sharp feature
can be seen. The effect is due to details of the jet reconstruction in calorimeter transition regions,
primarily due to the LAr pulse reconstruction effects. The total uncertainty (all components summed
in quadrature) is shown as a filled region topped by a solid black line. The flavour composition and
response uncertainties assume a quark and gluon composition taken from Pythia dijet MC simulation
(inclusive jets) [148].



92 Event reconstruction

—3  tracks bjet
—————— b hadron \
—————— impact

parameter

i285 secondary

/ vertex

’
4
/7
4
4
/

do,
7‘ - primary vertex

Fig. 5.7: Sketch showing the displaced secondary vertex which is used to tag a b-jet [150].

The Jet Vertex Tagger (JVT) [149] classifies which jets originate from the hard scatter
and which from pile-up. The JVT is a multivariate combination of two variables: pile-up
corrected Jet Vertex Fraction (corrJVF), which is designed to suppress jets not originating
from the PV, and R),;, which combines both calorimeter and tracking information. The JVF

variable is the ratio of Zf.v”"

pr assigned to the jet which are also assigned to the PV. In case
all the assigned tracks to the jet originate from the PV, the JVF equals one. The corrJVF
is the JVF variable corrected for the Ny dependent average scalar sum pt from pile-up
tracks, (ptV), associated with a jet. The R,,; variable is defined as the ratio between Zév”k pr

assigned to the jet and the fully JES calibrated jet, which includes pile-up subtraction.

5.2.1 Tagging b-jets

Quarks and gluons hadronise to particles that are collectively reconstructed as jets. However,
ideally the reconstruction distinguishes between the different quarks and gluons from which a
jet can originate. Flavour tagging algorithms centre around the identification of heavy flavour
hadrons in the substructures of jets originating from quarks. In the case of b-quarks, b-tagging
algorithms exploit the lifetime, flight length and secondary vertices to distinguish b-hadrons
from c-hadrons and light flavour hadrons. Due to the CKM suppression in Equation 1.21
for b-quark decays, b-hadrons have a longer lifetime than c-hadrons and a flight length of
approximately 3 mm in the transverse direction, depending on the Lorentz factor ¥, before
decaying. A sketch of a b-jet is illustrated in Figure 5.7. The Insertable B-Layer (IBL)
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Fig. 5.8: MV2c10 BDT output for b-jets (solid blue), c-jets (dashed green) and light-flavour jets
(dotted red) evaluated with 77 events. Since c-jets have a longer lifetime than light jets, but smaller
than b-jets, c-jets are harder to distinguish from b-jets [151].

described in Section 3.2.2, at a close distance of 33.2 mm to the beam-line, especially helps
to reconstruct the secondary vertex and the impact parameters, crucial for b-tagging. Due
to the ID pseudo-rapidity coverage, described in Section 3.2.2, a jet can be identified as
originating from a b-hadron only up to || < 2.5.

A b-tagging algorithm, based on a Boosted Decision Tree (BDT), called the MV2c10
algorithm [151], determines if jets originate from a b-hadron by using a number of different
input variables such as impact parameters and secondary vertex finding algorithms. The
MV2c10 algorithm is trained on a ¢ sample, where the signal is defined as b-jets, and the
background is composed of 10% c-jets and 90% light flavour jets. The output of the BDT
is shown in Figure 5.8. A cut on the BDT score is placed corresponding to a specific b-jet
identification efficiency. The fixed efficiency cut b-tagging working points that have been
calibrated correspond to an efficiency of 85%, 77%, 70% and 60%, as determined from a ¢

sample.

5.3 Leptons

There are three types of charged leptons: electrons, muons and taus. Electrons and muons are
stable within the ATLAS detector and thus can be detected as free particles. Taus, however,
do decay, causing a different signature than electrons and muons in the detector. Since taus

are not used in the analysis presented in this thesis, they are not described here. For electrons,
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measurements in the calorimeter are combined with reconstructed tracks, and for muons
there is also the additional measurement from the MS. The reconstruction for leptons is

performed in three consecutive steps, reconstruction, identification and then isolation.

5.3.1 Electrons

To reconstruct electrons, measurements from the EM calorimeter are combined with charged
particle tracks. Electrons are reconstructed down to an Et of 4.5 GeV, using topologically
formed clusters in the EM calorimeter and dedicated Bremstrahlung correction. Electron
identification reduces background from jets, heavy flavour decays and photon-conversion
and has three different working points: Loose, Medium and Tight. The electron isolation
depends on two variables, one for the isolation in the ID, and the other for isolation in the

calorimeter.

Reconstruction

An electron leaves a shower in the EM calorimeter, which needs to be combined with a
reconstructed track. Since it is not possible to distinguish whether the particle is an electron
or a photon in the absence of a track in the ID, a reconstructed electron should have always
traversed the ID. The ID covers up to |n| < 2.5, and electrons are reconstructed for || < 2.47.

The reconstruction in the EM calorimeter starts with a seed, then forms a cluster, and
afterwards tracks can be associated to the calorimeter cluster. Figure 5.9 summarises the
efficiency from the combination of these steps for a simulated single-electron sample. A
sliding window algorithm, that takes calorimetric towers as input, obtains the seed of the
electron in the calorimeter. The 1 X ¢ space of the EM calorimeter is divided into a grid of
200 x 256 elements, called towers, of size A x A¢ = 0.025 x 0.025. The sliding window
algorithm clusters 3 x 5 towers until a threshold energy of 2.5 GeV is found, and a calorimeter
cluster is formed. The calorimeter cluster defines a region of interest in the ID. The ATLAS
Global xz fit [125] associates the calorimeter cluster with tracks, which should have a pr
above 1 GeV in the region of interest. Successfully matched tracks are then re-fitted using
an optimised fit procedure for electrons. Electrons follow a helical trajectory in the ID and
consequently experience bremsstrahlung. The Gaussian Sum Filter [152] takes into account

the non-linear energy losses due to bremsstrahlung and improves the track fit.

Identification

There are signatures in the detector that also pass the electron reconstruction that do not

originate from prompt electrons; electron identification aims to reduce this background. The
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Fig. 5.9: The reconstruction efficiency for electrons in a simulated single-electron sample as a function
of the true E for each step of the electron reconstruction. Seed-cluster reconstruction using 3 X 5
towers (red triangles), seed-track reconstruction using the Global y? Track Fitter (blue open circles),
and the track-to-cluster matching which is the final reconstructed electron candidate (black closed
circles). As the cluster reconstruction requires uncalibrated cluster seeds with Et > 2.5 GeV, the total
reconstruction efficiency is less than 60% below 4.5 GeV(dashed line) [153].

fake electron background arises from misidentification of light-flavour jets, semi-leptonic
decays from heavy flavour and photon-conversion. Electron identification uses a method
based on the likelihood approach [154] in combination with a multivariate analysis of several
properties of the electron. Probability density functions are used for the discriminating
variables for signal electrons and fake background electrons. Finally, the overall probability
of a signal lepton is given.

There are three different levels of identification: Loose, Medium and Tight. The working
points are constructed in such a way that the tighter working points are inclusive of the looser
points. In Figure 5.10 the efficiencies of the working points are presented as a function
of Et and 1 in Z — ee events. The working points have been optimised in bins of ET, to
account for the shower shape, and in |1|, to account for the material the electron traverses
in the detector. As can be seen the efficiency decreases when the working points become
tighter, but the rejection of fake electron background is significantly stronger for a tighter
working point. This is illustrated in Figure 5.11, which shows the efficiency of a jet getting

reconstructed as an electron.
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Fig. 5.10: Electron reconstruction and identification efficiencies in Z — ee events (a) as a function
of Er for |n| < 2.47 and (b) as a function of 1 for Et > 4.5 GeV. The efficiencies are shown in data
and MC for the three working points, Loose, Medium and Tight.? The used dataset corresponds to
an integrated luminosity of 33.9 fb~!, recorded in 2016 at a centre-of-mass energy of /s = 13 TeV

[155].
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Fig. 5.11: The efficiency to identify hadrons as electrons (background rejection) estimated using
simulated dijet samples. The efficiencies are obtained using Monte Carlo simulations, and are
measured with respect to reconstructed electrons. The candidates are matched to true electron

candidates for Z — ee events [154].
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Table 5.1: Definition of the electron isolation working point Gradient [153]. The units of pr are
GeV.

Working point ‘ PiTS,O\I;a,» (Rmax =0.2) E"irs,o(}one (AR=0.2) Total &0 (Eiso,track * Eiso,calo)
Gradient ‘ €iso.rack = (0.1143 X p1)% + 92.14%  Eiso calo = (0.1143 x E1)% + 92.14% 90(99)% at 25(65) GeV
Isolation

After having identified the electron, isolation makes it possible to further discriminate real
leptons against the fake electron background. Isolation quantifies the amount of energy in a
cone of radius AR around the direction of the electron candidate, excluding the candidate
itself, in order to check if the electron is isolated, and that it is not for example part of the

decay of a jet [153]. Separate isolation variables exist for tracks in the ID and energy deposits

isol
T, var

5.12(a) presents a schematic figure of the isolation cone for track isolation, and in Figure

for track isolation and E$°!

in the EM calorimeter: p T vone

for calorimeter isolation. Figure
5.12(b) a schematic figure shows the isolation cone for calorimeter isolation. Calorimeter
isolation uses a fixed size of the isolation cone given by AR = 0.2. Track isolation uses a
variable isolation cone size depending on the pt of the electron, it decreases in size as a
function of the pr of the electron candidate such that,

(5.4)

1 vV
AR:min< 0 Ge ),

—F——R
pT [ GCV] s Aymax

where Ry = 0.2.3

A cut is placed on pif’o\l,ar and EiTS,Oc]One to make sure that the electron is isolated in both the
ID and calorimeter. The Gradient isolation working point for electrons used in this thesis is
clarified in Table 5.1. The isolation working point targets a value of the isolation efficiency,
&iso, dependent on the Et of the electron.* The efficiency €, increases linearly as a function
of ET, starting at 90% at an Et of 25 GeV until it reaches a maximum efficiency of 99% at

an ET of 65 GeV.

The lower efficiency in data than in MC arises from the fact that the MC does not properly represent the
2016 TRT conditions, in addition to the known mismodelling of calorimeter shower shapes in the GEANT4
detector simulation.

3The value of 10 GeV in the argument is derived with a simulated ¢7 sample and designed to maximise the
rejection of background. From electron candidates with pr > 50 GeV onwards the isolation cone size will
decrease.

“The isolation efficiency is given by €50 = Npasses isolation /Npasses identification-
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Fig. 5.12: (a) A schematic figure of the ID isolation. The red line indicates the electron/muon track.
The blue lines are tracks that are close-by, but in this case not in the isolation cone, meaning this
is an isolated electron/muon. If the blue tracks would be high pt and inside the isolation cone the
electron/muon would not be isolated depending on the electron/muon-isolation working point [156].
(b) A schematic figure of the calorimeter isolation. The candidate electron/muon is located in the
centre of the purple circle representing the isolation cone. All topological clusters, represented in
red, within the isolation cone are included in the computation of the isolation variable. The yellow
rectangle corresponds to the excluded cells which contain the electron/muon candidate itself [153].
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5.3.2 Muons

For muons, measurements from the MS and calorimeters are combined with reconstructed
ID tracks. Unlike electrons, muons are not stopped in the EM calorimeter, or even in the
HAD calorimeter.” For this reason the MS surrounds the ATLAS detector. Muons are
reconstructed for momenta down to 3 GeV, as the average energy loss in the calorimeter is
3 GeV. Four different reconstruction algorithms are applied, depending on muon pt and 7).
For identification there are three working points to reduce background from jets and heavy
flavour decays: Loose, Medium and Tight, but there are also the Low-pr and High-pr
working points. Isolation depends on two variables, one for the track isolation in the ID, and
one for isolation of the energy deposit in the calorimeter.

Reconstruction

In the MS, muon tracks are reconstructed in two consecutive steps: track segments are
reconstructed in the individual MDT and CSC detector chambers in the first step, and in the
next step these track segments are then combined to form track candidates [157].

The track segments are reconstructed from the MDT, at |n| < 2, and CSC chambers,
at 2 < |n| < 2.7, which provide 4 to 8 measurements in 1) per chamber. Once the track
segments are formed from the MDT and CSC measurements in 7, they are associated to
measurements from the trigger chambers, RPC and TGC.

To form track candidates seeds are taken from the track segments generated in the middle
layers of the detector, where more trigger hits are available. Segments from the outer and
inner layers are then added to extend the track candidate. A global y? track fit is done to
combine the track segments into a track candidate, taking into account multiple scattering and
energy loss in the calorimeter. A track candidate is accepted if the 2 of the fit satisfies the
selection criteria. The momentum of tracks in the MS is calculated from the deviation of the
muon trajectory from a straight line, where the deviation is caused by the toroidal magnetic
field. The deviation of the muon trajectory is inversely proportional to the momentum of
the muon. In the end-caps, in the absence of a position measurement inside the toroid, a
point-angle measurement is conducted.

As mentioned four reconstruction algorithms are applied for muons, depending on the
muon pt and 1. A Combined muon is the most straightforward case, when there is a track
in the MS and a track in the ID. The track from the MS is then associated with a track from
the ID and calorimeter measurements. In the case where || > 2.5 however, there is no track

from the ID, though there can still be a track in the MS, and this measurement can be used

>For muons with an average energy larger than 3 GeV.
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to form an Extrapolated muon. When there is no complete muon track reconstructed in
the MS, but there is a track segment reconstructed, this track segment can be associated
to the a measurement in the ID to form a Segment-tagged muon. Finally, when there is
no track or track segment in the MS, for example due to poor coverage around 11 = 0 (as
displayed in the reconstruction efficiency Figure 5.13(a)), a track from the ID is combined
with measurements from the calorimeter to form a Calorimeter-tagged muon. Although
muons are minimum-ionising in the calorimeter, leaving only small amount of energy in the

calorimeter, it is still beneficial to regain efficiency in regions of poor coverage of the MS.

Identification

Muon identification identifies muons that originate from the hard scatter process and reduces
muons from the background of light jets and heavy flavour decays. Five muon identification
working points exist: Loose, Medium, Tight, High-pr [157] and Low-pt [158]. The identi-
fication procedure discriminates against the fake muon background using parameters such as
the quality of the combined MS and ID fit, and the difference of the muon pt from the MS
and ID divided by the pt of the muon using the combined detector information. In Figure
5.13(a) the efficiencies for Loose and Medium identification are demonstrated as a function
of 1, for muons with pt > 10 GeV measured in Z — uu events. At low pt improvements in
efficiency and fake rate reduction are possible with the 1ow-pr working point, as illustrated
in Figure 5.13(b) for simulated ¢7 events .

Isolation

After having identified the muon it is possible to further reduce the fake muon background
through isolation. The isolation procedure for muons is similar to that of electrons; the same
schematic figure presented in Figure 5.12 applies. Again there is a variable for track isolation
piTS’Oiar, containing the pr of tracks other than the track of the muon itself in the isolation cone,
and a variable for calorimeter isolation EiTS,OClone, containing the Et of energy deposits other
than the energy deposit of the muon itself in the isolation cone. The isolation cone for muon
tracks is also given by Equation 5.4, with R, = 0.3, while the isolation cone for calorimeter
isolation given by AR =0.2. The piTsf’Vlar and E’Twclon . variables for medium identification are
shown in Figure 5.14, which have been measured in Z — pu events. A cut is placed on these
variables to ensure that the muon is isolated. The muon isolation working point Fixed Cut

Loose (FCLoose) as used in this thesis is presented in Table 5.2.
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Fig. 5.13: (a) Muon reconstruction efficiency as a function of n measured in Z — pu events for
muons with pr > 10 GeV shown for Loose and Medium identification. In the region |1| < 0.1 the
poor coverage of the MS can be observed. The error bars on the efficiencies indicate the statistical
uncertainty [157]. (b) Expected efficiency and fake rate as a function of pr for muons fulfilling the
LowPt (filled markers) and Medium (empty markers) requirements in simulated ¢7 events [158].
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[157].

Table 5.2: Definition of the muon isolation working point Fixed Cut Loose (FCLoose) [157].

Working point | pi,. (Rmax=0.3) EF . (AR=10.2)

T, var T, cone

FCLoose ‘ pif’oiar/pT <0.15 E  /p1<0.30

T, cone
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Table 5.3: Prompt Lepton Veto (PLV) BDT input variables [156].

Variable ‘ Description
N;rack 1n track jet Number of tracks collected by the track jet
RNNIP Impact parameter tagger’ (using a recurring neural network)
DLImu B-tagging algorithm® (using a deep neural network)
p’Tel Lepton pr relative to matched track jet direction, p- sin(<lepton, track jet>)
lTepton track / ptTraijm The ratio of the lepton track pr and the track jet pr
AR(lepton, track jet) AR between the lepton and track jet axis
pi{o\l,ar/ PT Lepton track isolation, with track collecting radius of Rpax = 0.3
Ein"Clone/ PT Lepton calorimeter isolation, with topological cluster radius of AR < 0.3

5.4 Prompt Lepton Veto

Prompt leptons are leptons that originate from the hard scatter, whereas non-prompt leptons
can originate from misidentification of light-flavour jets, semi-leptonic decays from heavy
flavour and photon-conversion. Typically, prompt leptons are selected by the identification
and isolation working points, however, non-prompt leptons may still pass these criteria.
Besides the identification and isolation working points an additional algorithm is used called
the Prompt Lepton Veto (PLV) [156]. The PLV is a Boosted Discussion Tree (BDT) based
algorithm that selects prompt leptons and discriminates against non-prompt leptons.® More
features on top of the standard cone-based isolation variables described in Sections 5.3.1 and
5.3.2 are exploited, by looking for a track jet nearby the lepton, and using the associated
b-tagging score and momentum information. The input variables for the BDT are listed in
Table 5.3. Since even isolated single leptons are also reconstructed as track-jets, a track-jet
is almost always present. Prompt leptons tend to have nearby track-jets with momenta
consistent with the lepton, low track multiplicity and a low b-tagging score. This is not the
case for non-prompt leptons, where the nearby track-jets most likely correspond to the decay
of a parent heavy flavour.

The training of the BDT is done using a #f sample, which contains prompt and non-
prompt leptons with pt > 10 GeV. Figure 5.15 shows the output BDT score distribution for
a selection of pr slices for both electrons and muons. The figure reveals that the PLV BDT
score changes with pr, especially in pt range of 10-20 GeV, and therefore, a fixed cut in

6Technically, the PLV selects non-prompt leptons and discriminates against prompt leptons, hence the name
of the algorithm.

7Using low level input variables based on impact parameters described in Section 5.1.

8Using same inputs as the b-tagging BDT algorithm, MV2c10, described in Section 5.2.1, including an
additional soft muon tagger to help separate from light jets due to the semi-leptonic heavy flavour decay
(MV2c10 calibration is treated as uncorrelated from the PLV BDT calibration because the real jets around the
fake lepton are almost always removed by overlap removal).
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Table 5.4: Upper cut values of the PLV score for PLVLoose and PLVTight working points. For
electrons Gradient isolation is applied in addition, for muons FCLoose isolation is applied in
addition.

Electrons

pr [GeV] \ <6 6-8 8-10 10-15 15-20 20-25 25-30 30-40 40-50 >50

PLVLoose | 095 090 091 0.83 0.70  0.69 0.57 0.60 -0.16 -0.50
PLVTight | 0.71 0.70 0.69 0.48 0.41 0.23 0.29 0.60 -0.16 -0.50
Muons

pr [GeV] ‘ <6 6-8 8-10 10-15 15-20 20-25 25-30 30-40 40-50 >50

091 0.78 0.66 080 050 050 046 020 -0.20 -0.50
0.63 041 024 020 -0.16 -034 -040 -042 -0.50 -0.50

PLVLoose
PLVTight

BDT score leads to too low efficiency for leptons in the low pt regime. Two pt dependent
working points have been created to regain efficiency. Working points called PLVLoose and
PLVTight are defined as in Table 5.4. To make sure leptons that fail isolation are not selected,
also standard isolation is required as part of the working point definition. For electrons the
Gradient isolation working point is required and for muons the FCLoose isolation working
point is required.

In Figure 5.16 the real/prompt lepton efficiency and fake/non-prompt lepton rejection as
function of pr is highlighted, for the standard isolation working points as well as PLVLoose
and PLVTight working points (including the standard isolation). PLVTight typically outper-
forms standard isolation by 40 — 80% in fake/non-prompt rejection at the same real/prompt
efficiency in the range of pt > 20 GeV. Also at lower pr it maintains nearly optimal per-
formance down to pt ~ 6 GeV, and as good as a performance compared to the standard
isolation for pt < 6 GeV.

5.4.1 PLVTight calibration

The accuracy of the MC detector simulation in modelling the efficiency of the PLVTight
working point is important to quantify when using MC simulation to predict the data. In
order to achieve reliable results, the simulated events are corrected with a scale factor to

reproduce as closely as possible the efficiency measured in data,

Ep Tieh
ight
SFpLvTight = e (5.5)

PLVTight
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Fig. 5.15: Normalised PLV score distributions for real/prompt (black) and fake/non-prompt leptons
in various pr ranges. The real/prompt efficiencies are evaluated by WZ MC, while Z+jets MC is
used for the fake efficiencies. The valid range is [—1, 1] while the entries in -1.1 correspond to lepton
candidates with no track jets found around AR < 0.4. This typically happens for light-flavour fakes
from pile-up jets since track jets are formed only by tracks originating from the primary vertex (PV).
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Fig. 5.17: (a) Scale factor and (b) associated uncertainties on the PLVTight working point for
electrons in each (pt,n) bin.

where egi‘{}Tight is the efficiency measured in data and e%%Tight is the efficiency determined
from MC simulation.

The efficiencies for the PLVTight working point are estimated using tag-and-probe
methods [157, 153]. In such a method electrons and muons are selected from a known
resonance such as Z — ¢¢ or J /y — ¢£. For the calibration of isolation working points only
the Z decay is chosen. As a result of the Z — ¢/ process there are two leptons in the final
state, one of which will be the tag and one of which will be the probe.” The tag lepton has
strict selection requirements. The probe lepton is used to calculate the efficiency,

epLy = NPLVTight7 (5.6)
Nig
where in the numerator, NppyTigh, leptons pass the PLVTight isolation criteria and in the
denominator, N4, leptons are only required to pass the identification criteria.

For electrons, the definition of the tag and probe is clarified in Table 5.5. The SFppyTight 18
computed for a range of pr € [4,200] GeV and for four separate |n| bins, [0,0.1], [0.1,1.37],
[1.37,1.51] and [1.51,2.47]. The scale factor extraction from the data takes place after a
background template subtraction. A background template in the measurement region is
obtained by using leptons failing identification criteria. The leptons failing the identification
criteria are normalised in a side-band region with respect to the measurement region at the mz
resonance, chosen to be my, € [120,250] GeV. Efficiency extraction using simulated events
is performed in a very similar fashion, except that background subtraction is not performed.

°Tf both leptons pass the tag requirements, the event will provide two probes.
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Table 5.5: Electron PLV calibration selection region and the definition of the tag and probe electron.
The tag electron has to be identified as tight because the online single electron trigger indication
criterion is Tight. Requirements on the impact parameter |zpsin 0| < 0.5 mm and |dy/oy,| < 5 are
applied, as well as track-to-vertex association.

\ Electron selection region \

Myt o € [80,100] GeV
AR(j,e) >0.4
‘ Tag electron ‘
Trigger Matches single-electron trigger
Identification Tight
Isolation pre0 /pr < 0.1
Et > 27 GeV
‘ Probe electron ‘
| | N | NpLvTight |
Identification | Medium Medium
Isolation - Gradient + PLVTight

Table 5.6: Muon PLV calibration selection region and the definition of the tag and probe muons.
Requirements on the impact parameter |zosin 6| < 0.5 mm and |dy/0y,| < 5 are applied, as well as
track-to-vertex association.

| Muon selection region |

My~ € [86,96] GeV
Identification Medium
AR(p, 1) >0.3
AR(j. ) > 0.4
| Tag muon
Trigger Matches single-muon trigger
Isolation FCLoose
PT > 24 GeV

Probe muon ‘

|
| | Nig | NpLvTight |
| Isolation | - | FCLoose +PLVTight |
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Systematic uncertainties in the correction factors are evaluated by varying the requirements
on the selection of both the tag and the probe electron candidates as well as varying the
details of the background-subtraction method. Also the envelope of the variation against
pile-up is found to be < 0.5% and thus an extra systematic of 0.5% is applied on the scale
factor. The electron scale factors for SFpyTigh: and uncertainties are shown in Figure 5.17.

For muons, the definition of the tag and probe appears in Table 5.6. The SFpryTight 18
computed for a range of pr € [3,500] GeV, separately for the years 2015, 2016, 2017 and
2018, and is shown in Figure 5.18(a-d). The scale factor extraction from the data also occurs
after a background template subtraction using leptons failing identification criteria, where
again the side-band region is chosen to be my, € [120,250] GeV. Systematics have been
implemented including the variation in probe identification working points, m;,, window size
of the measurement region, isolation against jets, the contribution of which being summarised
in Figure 5.18(g) in various pr-ranges. A 2% systematics to account for the dependency on
7N is applied as derived from Figure 5.18(e). The dependancy on pile-up was found negligible
as perceived in Figure 5.18(f).

55 Epis

Standard Model particles such as neutrinos or some hypothetical supersymmetry particles
will not interact with the ATLAS detector and will escape the detector undetected. This would
mean that it is not possible to directly detect one of the particles of interest, the neutralino,
)E?, in the final state of the analysis described in this thesis. However, by using momentum
conservation it is possible to still indirectly detect these particles. By adding the momentum
of all visible reconstructed particles it can be inferred whether a particle escaped the detector
as missing momentum, which is denoted as E%liss.

Since the p-p collision takes place along the z-axis, there is zero initial momentum in the
transverse plane. In the final state, due to conservation of momentum, the added momentum
of all reconstructed particles from the same hard-scatter vertex should remain zero in the
transverse plane. As a consequence the negative total vectorial sum determines the missing

transverse momentum [159],

EPS ==Y it =Y i =Y i =Y pi— Y PP, (5.7)
€ u Y

jets tracks

which corresponds to the momentum of our invisible particles. The component ) ptTraCks

tracks
corresponds to the soft term in the ET"**. The soft term contains all contributions arising
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Fig. 5.18: Measured data/MC PLVTight efficiency for muons for the (a) 2015, (b) 2016, (¢) 2017,
and (d) 2018 period. The efficiency dependency on (e) 1 and (f) pile-up, i, for the 2018 period. (g)
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and the dotted line is down variation.
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from soft charged particles, for which tracks not associated to any reconstructed particle but
associated to the hard-scatter vertex are added up.'? Uncertainties from all the reconstructed
particles and the soft term are combined to an overall systematic uncertainty on E%“iss. Pile-up

has a significant impact on the ), ;fTets and ) ptTra1Cks terms. In order to reduce the pile-up
jets tracks

dependence on tracks the Tight Primary selection is used as described in Section 5.1.1. For
jets dedicated algorithms reduce pile-up dependence, as described in the jet reconstruction
Section 5.2.

5.5.1 Photons

Photons are reconstructed in order to compute the EITniSS. Photon reconstruction is similar to
electron reconstruction, because both particles deposit their energy in the EM calorimeter.
The photon reconstruction algorithm determines a seed in the EM calorimeter according to
the same method as the electron reconstruction, forming a calorimeter cluster. The difference
between electrons and photons is that photons typically do not leave a track in the ID, since
photons are not charged. In the occurrence of a photon-conversion (into an electron), the
resulting electron will leave a track in the ID. Photons that do not leave a track in the ID are
classified as unconverted photons, while photons that do leave a track in the ID are classified
as converted photons. In the reconstruction, when no track is associated to the calorimeter
cluster, an unconverted photon is reconstructed, while when a track can be associated to
the calorimeter cluster, a converted photon is reconstructed. The identification efficiency
increases from 45 — 60% at Et = 10 GeV to 95 —98% for Et > 100 GeV, depending on

pseudorapidity and on the photon-conversion status [160].

55.2 E%‘iss significance

The precision of the reconstructed E%liss depends on the precision with which the particles
in Equation 5.7 are reconstructed. Fake E%“SS can arise due to particles which escape
the acceptance of the detector, are inaccurately reconstructed, or fail to be reconstructed
all together [161]. In order to have a handle on the precision with which the EITIliSS is
reconstructed, E‘TniSS significance is defined by using the energy resolution in the calorimeter.
The energy resolution in the calorimeter can be estimated using /Y Et, where ¥ Er is the

measured energy in the collision, from which an event-based Ef"** significance can be

10Calorimeter clusters could be used as well but are unreliable mostly due to a large dependence on pile-up.
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defined by the following equation,

miss
ET

VYET

However, this definition is based on the assumption that the E%‘iss is purely calculated from

y:

(5.8)

the calorimeter and also puts the same weight on the resolution of all the reconstructed
particles, while for example leptons can be reconstructed with much higher resolution than
jets. In order to use all the sub-detectors and the individual resolution of the reconstructed
particles the approach needs to be reconsidered. Resolution effects from all sub-detectors can
be taken into account by using the object-based E''** significance. The object-based EMisS
significance indicates the degree to which the reconstructed E%liss agrees with momentum
resolution and particle identification efficiencies given the full event composition [162].11 A
high value of the EM* significance is an indication that the EX* observed in the event is not
well explained by resolution smearing alone, implying that the event is more likely to contain
unseen objects such as neutrinos or hypothetical supersymmetry particles. The comparison
between the E%‘iss, event-based E‘TniSS significance and object-based E%‘iss significance is
shown in Figure 5.19. From this figure it can be concluded that the performance of the

object-based EITrliss significance improves the ability to reject backgrounds with fake E%‘iss.

1By evaluating the p-value whether the observed E‘TniSS is consistent with a null hypothesis of zero real E%‘iss
in the event.
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Fig. 5.19: Background rejection versus signal efficiency for E%ﬁss, event-based E%‘iss significance,
and object-based E%“iss significance. In the following a simulated Z — ee sample is considered as
background, and a simulated ZZ — eevVv sample is considered as signal. A Z — ee selection is used
in (a) an inclusive region and (b) a region with E%‘iss > 50 GeV. In the inclusive region the bulk of the
events have little hard activity and the object-based E%liss significance is dominated by the variance of
the soft-term. A clear improvement is observed for events with higher M [162].
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Chapter 6
Introduction

The analysis presented in this thesis focuses on the pair production of )Zli and )Zg decaying
into W+ Z? and Z )Z]O , respectively,

A - wzilal — eeevd i, 6.1)

where the W and Z decay leptonically. This process is illustrated in the Feynman diagram
in Figure 6.1. The process leads to a reconstructed final state with three leptons, and EITniSS
from the )Z? and v. Initial state radiation and final state radiation can lead to quarks or gluons
being radiated in the process as well, leading to the possibility of also having jets in the
final state. Throughout the analysis the considered leptons in the final state are electrons and
muons, thus not including taus. The analysis focuses on the simplified supersymmetric model
where the masses of the )Zli and )Zg are degenerate and the )Zlo is the lightest supersymmetric
particle (LSP). The }Zli and )Zg are assumed to be wino like and the )Z? is assumed to be
bino like, as explained in Section 2.1.1. Furthermore, the remainder of the supersymmetric
particles, thus supersymmetric particles besides the )Zli, )Zg and the Z?, are assumed to have
a much higher mass and as a consequence are decoupled in the simplified model.

In this thesis the intermediate compressed regime is considered, where the mass difference
(Am) corresponds to My 70 —Myo <mz. The range of Am is motivated by global fits in the
supersymmetry parameter space, as described in Section 2.4. The kinematics of the process
are mainly determined by the Am between the Zli/ )Zg and the )Z?. In the compressed regime
the W* and Z will be created off-shell. The more the spectrum of the )Zli/ )’Zg and the )Z?
particles is compressed, the more the resulting amount of energy available to the W* and
Z decreases. With decreasing energy available to the W* and Z, the available pr for the
resulting leptons will decrease as well. The most compressed scenarios thus correspond to the
lowest pr leptons. Since the final state leptons have lower pr, they recoil less against the )Zlo,
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Fig. 6.1: Feynman diagram showing the process )Zli )Zg — Wz )Z? 5610 decaying into a final state of three
leptons and ET"*°. Initial state radiation and final state radiation can lead to quarks or gluons being
radiated in the process as well, causing the possibility of also having jets in the final state.

and as a result the two )Z? are often produced back to back. When the two )Z? are produced
back to back there will be a similar amount of E%‘iss in opposite sides of the detector, thus
canceling out and resulting in low total E%‘iss.

The goal of this analysis is to search for this process in the compressed regime. However,
obtaining an experimental outcome from which a significant statistical statement can be
inferred is challenging, as described in Section 2.3.1. The previous Run-1 analysis from
ATLAS on the same supersymmetric phase space [69] concluded that when Am between the
)Zg / )Zli and }Z? was larger than 25 GeV, a lower limit on the mass of Z? could be set at 100
GeV. However, in the more compressed region, where the Am between the )Zg / Zli and )Z? is
less than 25 GeV, the supersymmetric models could not be excluded. The process is difficult
to detect at small Am due to the kinematics of the process: the low pr leptons and low E%’iss.
Low pt leptons are arduous to reconstruct and trigger, and at low E%‘iss there is a lot of
Standard Model (SM) background. In this thesis a dedicated analysis for Run-2 is presented
to target the process and improve the Run-1 analysis with better analysis techniques and a
larger dataset.

6.1 Search overview

The analysis considers the full ATLAS Run-2 dataset highlighted in Table 6.1, corresponding
to a total integrated luminosity of 139.0 fb~!, collected by the ATLAS detector during 13 TeV
proton-proton (p-p) collisions in the period 2015-2018. Only data recorded while the LHC
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Table 6.1: ATLAS Run 2 dataset used in the analysis.

| 2015 2016 2017 2018
collected data [fb~'] | 32 330 443 585

Table 6.2: Signal regions phase space is divided into four regions SRlow-0j, SRlow-nj, SRhigh-0j
and SRhigh-nj. In the 0j region, the ET"** is softer since it recoils against the WZ system, while in the
nj region, NS recoils against the jet, resulting in a harder ERsS.,

‘SR]OW-Oj SRlow-nj SRhigh-0j SRhigh-nj

30 GeV — —
N30 Ge =0 >1 =0 >1

E%‘iss [GeV ] <50 <200 >50 >200

declared stable beams, the ATLAS detector was properly operating, and both the solenoid
and toroid fields were at nominal conditions is selected.

In the analysis, regions called Signal Regions (SRs) are designed where the supersym-
metric signal is enhanced and the SM contributions are reduced. The regions are constructed
by combining event selection criteria. The SR phase space is divided into four parts, with a
different SM background composition in each region: SRlow-0j, SRlow-nj, SRhigh-0j and

SRhigh-nj, as reflected in Table 6.2. The SRs will be further explained in Chapter 8. The

30 GeV.
Njets ’

0j, and regions with jets, where at least one jet is required, called nj. The second division

first division is by the number of jets with pt > 30 GeV, into jet-veto regions called
is in E%“iss, with the exact threshold dependent on whether the region is a 0j or an nj region.
The low E%‘iss SRs, SRlow-0j and SRlow-nj, target a phase space never explored by ATLAS

' The low E‘TIliSS SRs are worth exploring in the spirit of an inclusive search and

before.
closing the uncovered phase space, in an era where it is important to care more for unintended
and untargeted signatures.

The analysis strategy is presented in the following steps. In Chapter 7 SM backgrounds
that enter the kinematic regime of the signal model are estimated and the systematic uncertain-
ties on the estimate of the backgrounds are calculated. Control regions for some backgrounds
are designed in which our estimate of the background is scaled to the data. In Chapter 8 the
estimate for the signal is generated, triggers are selected that optimise the trigger efficiency
for the signal process. Cuts on kinematic variables, such as the invariant mass of the leptons,
are optimised for the SRs until a significant statistical statement can be made about the
process. In Chapter 9 validation regions are defined to validate the SM background estimate

in the SR-like phase space. In Chapter 10 a statistical analysis is presented, where hypothesis

't has typically been part of control and validation regions in Run-1.
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testing is used to interpret the experimental outcome. In Chapter 11 the interpretation of the

results as well as potential improvements to the analysis are discussed.

6.2 Particle selection

A selection of reconstructed particles, using the methods as described in Chapter 5, is made
to select the supersymmetric signal shown in the Feynman diagram in Figure 6.1. The
reconstructed particles in the analysis are electrons, muons and jets. Jets are not necessary to
reconstruct the supersymmetric signal, however initial state radiation and final state radiation
can lead to quarks or gluons being radiated. For the reconstructed electrons, muons and
jets there is a baseline selection and a signal selection. The reconstructed particles need to
pass the baseline selection consisting of loose identification criteria and the signal selection
consisting of a tighter selection of identification criteria. Since all particles are reconstructed
simultaneously, there is the possibility that the same tracks or calorimeter deposits are used
in multiple particle objects, to resolve these ambiguities an algorithm called overlap removal
(OR) is applied. After performing OR, the reconstructed electrons, muons, jets and photons
are used for computing the E%‘iss.
Electrons The analysis encompasses electrons reconstructed, identified and with isolation
criteria as described in Section 5.3.1. The impact parameters are defined in Section 5.1.1 and
0, is the standard deviation of dj obtained from the track fit. The electron selection criteria
are summarised in Table 6.3.

In the Z+jets/Z+7y background estimation for electrons as described in Section 7.2, the
baseline and signal selection definitions define ID and anti-ID electrons. The ID electrons
are signal electrons and the anti-ID electrons are electrons that pass the baseline selection but

fail the signal selection.

Muons The analysis uses muons reconstructed, identified, and with isolation criteria as
described in Section 5.3.2. The impact parameters are defined in Section 5.1.1 and oy, is
the standard deviation of dj obtained from the track fit. The muon selection criteria are
summarised in Table 6.4.

Also in the Z+jets/Z+Y background estimation for muons, the baseline and signal selection
definitions define ID and anti-ID muons. The ID muons are signal muons and the anti-ID

muons are muons that pass the baseline selection but fail the signal selection.
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Table 6.3: Summary of the electron selection criteria. The signal selection requirements are applied
on top of the baseline selection requirements.

| Cut Value/description |

\ Baseline Electron ‘

Acceptance pr > 4.5 GeV,|n| <2.47
Identification Loose + hit in the innermost pixel layer
Impact parameter |zosin @] < 0.5 mm

Signal Electron

Identification Medium
Isolation Gradient
Isolation of 3™ leading electron in pr Gradient + PLVTight
Impact parameter |do/ 0y, <5

Table 6.4: Summary of the muon selection criteria. The signal selection requirements are applied on
top of the baseline selection requirements.

‘ Cut Value/description ‘

‘ Baseline Muon ‘

Acceptance pr >3 GeV,|n| <25
Identification Medium
Impact parameter |zosin O] < 0.5 mm
Signal Muon ‘
Identification Medium
Isolation FCLoose
Isolation of 3™ leading muon in py | FCLoose + PLVTight
Impact parameter |do/0g4,| <3
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Table 6.5: Summary of the jet and b-jet selection criteria. The signal selection requirements are
applied on top of the baseline requirements.

‘ Cut ‘ Value/description ‘
‘ Baseline jet ‘
| Acceptance | pr >20 GeV, |n| <4.5 |
‘ Signal jet ‘
Acceptance pr >20 GeV, |n| < 2.8
VT [JVT| > 0.59 for jets with pr < 120 GeV and |n| < 2.5
| Signal b-jet |
Acceptance pr>20GeV,|n|<2.5
b-tagger Algorithm MV2cl10
Efficiency 85 %

Jets The analysis uses jets reconstructed with the anti-k; algorithm [145] with R = 0.4
calibrated with the Jet Energy Scale (JES) calibration [144] as described in Section 5.2.
Since the Jet Vertex Tagger (JVT) algorithm [149] and MV2c10 b-tagging algorithm [151],
which are also described in Section 5.2, rely on particle tracks from the Inner Detector (ID),
which only covers up to || < 2.5 as described in Section 3.2.2, these algorithms can only be

applied to jets up to || < 2.5. The jet selection criteria are summarised in Table 6.5.

Overlap removal As particles are reconstructed simultaneously, it is possible that the same
tracks or calorimeter deposits are used in multiple particle objects. OR is performed with
reconstructed particles considered in the analysis, electrons, muons and jets, in order to
assign tracks or calorimeter deposit to a single particle hypothesis. The following procedure
is applied:

* Any calorimeter-tagged muons, as described in Section 5.3.2, sharing an ID track with

an electron are removed.
* Any electrons sharing an ID track with remaining muons are removed.

* Jets within AR < 0.2 of a lepton are discarded as they most often result from calorimeter
energy deposits of the electron shower or muon bremsstrahlung. For the overlap with
muons, the jet is only discarded if it is associated to less than three tracks with pt
above 500 MeV, or if the jet pr is less than half of the muon pt and the relative fraction
of associated track pr to jet pr is above 70%.
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* Electrons and muons with pt < 50 GeV that are close to a remaining jet are discarded to
reject non-prompt or fake leptons originating from hadron decays. These are discarded
if situated within a distance of AR < 0.4 for leptons of pt < 25 GeV, decreasing
inversely with lepton pt down to AR < 0.2 for leptons of pt = 50 GeV.

In addition, a selection is applied on the the minimum AR for all possible combinations of
leptons in the event, minAR3’ > 0.4. This cut ensures that leptons are isolated from each
other.”

E%‘iss EITniSS is computed as described in Section 5.5. Reconstructed particles used in the
analysis are taken as input, as well as photons. Also all tracks matched to the primary vertex
that are not associated with reconstructed particles are taken as input. The reconstructed
particles considered in the analysis (electrons, muons and jets) entering the E%niss calculation
are required to satisfy the baseline selection criteria defined above, and have to pass the
OR criteria as well. While photons are not used as signal objects in this analysis, they
provide input to the E'S calculation. Photons are required to have a pr > 25 GeV and
In| < 2.37, with a veto for photons that fall in the calorimeter crack region, corresponding to
1.37 < |n| < 1.52.

6.3 Variables used in the analysis

In order to discriminate the SM background from the signal, several variables are used in
the analysis. The variables are constructed after an explicit requirement of exactly three
leptons. All variables are listed in this section, which can be used as a reference throughout
the analysis part of this thesis.

E‘TniSS significance The object-based E%‘iss significance indicating the degree to which the

reconstructed E7"** agrees with momentum resolution and particle identification efficiencies

as described in Section 5.5.2.

NfgtsGeV The number of jets with pt > 30 GeV.

20 GeV
Nb-jets

in Section 5.2.1. The working point chosen for the analysis corresponds to a b-jet tagging
efficiency of 85%.

The number of b-jets with pt > 20 GeV. Jets are tagged as b-jets as explained

2Since the isolation used is mostly with a AR = 0.2 cone, min AR > 0.4 (0.2-2) is found to be enough.
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OSSF The presence of an opposite-sign same-flavour (OSSF) lepton pair in the event.
Since the leptonic decay of a Z results in an OSSF lepton pair, OSSF leptons are assigned to

the Z boson in the event reconstruction.

my, The invariant mass of the OSSF lepton pair. If there are two OSSF pairs in the event

there are multiple ways to assign the leptons to the Z:
1. myy: the invariant mass of the OSSF lepton pair closest to my
2. mzn[in: minimises the invariant mass of the OSSF lepton pair
3. my™*: maximises the invariant mass of the OSSF lepton pair

In the analysis, assignment of leptons to the Z can be achieved taking the lepton pair
corresponding to the myy, m;}?n, or my,"* assignment. The remaining lepton is then assigned
to the W.

m3; The invariant mass of the three leptons.

mp The transverse mass of the W* boson. The W boson decays into a visible particle, a
charged lepton, and an invisible particle, a neutrino. In a hadron collider, only the transverse
components of an invisible particle momentum can be inferred, so it is useful to define the
transverse mass. The transverse mass describes a system of one visible particle, and one
invisible particle, v,

my = mi+my, + 2(EYSEY — py°pY). (6.2)

The charged lepton from the W decay can be assigned in multiple ways:

1. mt: W-Ilepton assigned according to my

2. m?i“muz W-lepton assigned according to m?}in

mrlrgo The stransverse mass. In the supersymmetric signal there is not one )Z? escaping
the detector, but there are two )Z? simultaneously escaping the detector. However, only one
quantity capturing their energy can be reconstructed, which is E%niss. The mT, algorithm
tries to disentangle the E%liss and find out which part belongs to each of the )Z? [163]. Since

only the sum of the missing transverse momentum of the invisible particles in the event is
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known, the best that can be done is to evaluate the quantity, mt, which is a lower bound on

the maximum of the transverse mass, mr,

m%z(l’l’bo) =  min A [max{m%(p%is’l,E%liss’l;m~o),m%(p%is’z,E}niss’z;mm)}].
X] Emlss,l+Emlss,2_Em1ss XI XI
T T T

(6.3)

Taking as input an assumption for the )Z? mass, the algorithm divides the event topology into
two legs, each containing a visible part, p%is, and an invisible part E%niss.
In case of the signal illustrated in Figure 6.1, the two legs are )Zg —Z )Z? and Zli —W )Z?.

The two leptons assigned to the Z, through m‘l}}i“, correspond to p%is’l and the remaining

lepton specifies p%is’z. The 79 from the %2 decay represents E%niss’l. The %9 and v from the
)Zli decay are regarded as one particle, which can be labeled as Y, and together proportionate
to ES2, The particle ¥ has an invariant mass bound by mgo + my, which can numerically
be considered as myo.

An assumption for the )Z? mass has to be made. Studies have been carried out comparing
different values of QZ?. The performance of the variable does not change much by the choice
of My, except for a massless )Z]O , and thus a sufficiently high )Z? mass is chosen. The mass

of the )Z? is set to 100 GeV, and this variable is labeled m%%o .
minAR The minimum AR between all OSSF lepton pairs in the event.

pll‘fptons JEmIsS  The ratio of the vector sum pr of the three leptons and the EI'ss.

balance
mg‘% The reconstructed W-boson mass assuming the WZ topology and balanced longi-

tudinal momenta of the W and Z boson.

AR(W — lepton, EMS)  The AR between the W-lepton and the EF is defined by

min

\/ T[%V_]epton + (@w-tepton — ¢Egrniss)2. The W-lepton is assigned according to mj)™.







Chapter 7
Modelling of the background

Proton-proton (p-p) collisions at the Large Hadron Collider (LHC) will create Standard Model
(SM) particles, through SM processes. Since this thesis presents a search for supersymmetry,
which is beyond the SM, these SM processes are called the background. SM backgrounds
which result in a 3-lepton final state, comparable to our supersymmetry signal, are identified
in order to form the estimate of the background. All the different backgrounds and how they
have been grouped are shown in Table 7.1. In order to have an efficient bookkeeping and
focus on the larger backgrounds, contributions from backgrounds with a small cross-section
have been grouped into Others.

Table 7.1 contains backgrounds with a 3-lepton final state, however, backgrounds with
other lepton multiplicity in the final states are also considered. Also backgrounds with a 1-
or 2-lepton final state are included, in order to incorporate the possibility that the second or
third lepton is being faked in the form of leptons that arise from heavy flavour decays, are
misidentified jets, or are photon-conversions. Also backgrounds with more than three leptons
in the final state are included. These backgrounds look like a 3-lepton final state when some
of the leptons are not reconstructed, either because these fall outside the range of acceptance,
are too low pr, fail the lepton identification, or are a tau that decays hadronically.

A 3-lepton final state is produced by WZ, some of the triboson processes, some tftW, ttZ
or tth (t1+X) processes, and some rare ¢ processes (topOther). Fake backgrounds with a 1- or
2-lepton final state are Z+jets/Z+7, tt, WW (diboson2/) and ¢ (singleTop). The backgrounds
with more than three leptons are ZZ, some of the triboson processes, some ¢t7+X processes,
and some of the topOther processes.

For estimating the backgrounds different techniques are applied. It is possible to estimate
a background either through Monte Carlo (MC) simulations or by using a data-driven ap-
proach. For Z+jets/Z+Y a data-driven approach is selected and for the rest of the backgrounds
MC is used. All the simulated events are reconstructed the same way as the data events.
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Table 7.1: The backgrounds included in the analysis. The smaller backgrounds have been grouped
into Others. All the backgrounds are estimated using MC, except Z+jets/Z+y which is estimated using
a data-driven technique.

Group name | Background Estimation method

Fakes Z+jets/Z+y Data-driven
Wz Wz MC
77 Y44 MC
tt tt MC
1t+X t+X MC
topOther MC
singleTop MC
Others diboson2/ MC
triboson MC
Higgs MC

For the largest background estimated using MC, WZ, a normalisation factor is derived with
respect to data in order to improve the estimate.

7.1 Monte Carlo background samples

In order to model SM background processes MC simulations are used. The MC method
makes use of pseudorandom numbers to simulate the event-to-event fluctuations due to
quantum physics in the processes and the fluctuations in the interactions with detector
material. Generating events using MC follow a number of steps. First the matrix element of
the given process needs to be generated in order to model what took place in the hard-scatter
of the p-p interaction. Afterwards the particles that arise from the hard-scatter need to shower
and hadronise to the point of forming individual stable particles in the detector. As a final
step, the interaction of the showered event with the detector is modelled in the detector
simulation. The processes that are generated to model the SM backgrounds are described in
Table 7.2.

To generate the matrix element different generators are available. The selected generators
in this analysis are Sherpa [164], Powheg [165] and Madgraph [166]. Each generator relies
on different techniques, so certain generators are more suitable for certain processes [167].
From the p-p interaction, the generator determines which particles take part in the hard-scatter
and subsequently calculates the corresponding Feynman diagrams. The generator uses a
Parton Density Function (PDF) to describe the constituents of the colliding protons, the
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Table 7.2: Processes simulated by the MC generators comprising the WZ, ZZ, tf, tt+X, topOther,
singleTop, diboson2/, triboson and Higgs backgrounds. When a W or Z decay is fixed in the setup
of the generator, the decay product is written between brackets, where £¢ corresponds to a leptonic
decay, and qq to a hadronic decay. VBS stands for vector-boson scattering.

background process o [pb]
w7 ! WZ — bllv 7.54
JJWZ — tllvjj (VBS) 0.05
771 Z7Z — 00y 2.72
JjZZ — Leeljj (VBS) 0.01
1t tt — W(v)W(Lv)bb 87.7
ttW — WWWbb 0.60
1tZ — WWZ(qq)bb 0.59
tr — WWbbey 0.44
FAX tth — W (qq)bW (qq)bh ~ 0.24

tth — W(v)bW (qq)bh 023
117 — WWZ(L0)bb 0.17
ttZ - WWZ(vv)bb 0.17

tth— W(£v)bW (Lv)bh  0.05

tqZ — WbqZ(40) 0.03
tWZ — WWhZ(L0) 0.02

topOther tHWW — WWWWbb 0.01
titt — WWWWbbbb 0.01

tit - WWWbbb 0.002

. tq — W(lv)bg 73.85
singleTop L wiyw (evip 7.56
WW — 0lvv 13.43
. WZ — llqq 3.43

1

diboson2/¢ 77— tlqgq 520
JJWW — lévvjj (VBS) 0.12

WWW — bbévvy 0.016

ZIWW — lvvvy 0.006

triboson ! ZWW — L0blvy 0.004

ZZW — beeely 0.0006

7277 — 0eeeer 0.0001

Higgs h— 1T 14.46

!'Sherpa does not generate pp— Z — £/, but pp— £¢, which includes off-shell and non-Z diagrams (including /).
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Table 7.3: The backgrounds that are generated using MC simulations and the choice of generator and
parton shower.

Background name Generator Parton Shower
wZ SHERPA v2.2.2

77 SHERPA v2.2.2

tt Powheg Pythia8
tt+X (excl. tth) MadGraph5_aMC@NLO Pythia8
tth Powheg Pythia8
topOther MadGraph5_aMC@NLO Pythia8
singletop Powheg Pythia8
diboson2/ SHERPA v2.2.2

triboson SHERPA v2.2.2

Higgs Powheg Pythia8

quarks and gluons, at the energy of the collision. The PDF describes the probability of each
quark or gluon in the proton to undergo an interaction in the p-p collision. The predominant
PDF used in this analysis is NNPDF3.0 [168], which uses a neural network to perform a
dataset combination of HERA and LHC experiments.

The matrix element is calculated using perturbation theory. Perturbation theory leads to
an expression for the solution in terms of a power series, an ordered sequence of numbers
in terms of o, where an approximate solution is obtained by truncating the series. The
simplest case is the simulation of leading-order (LO) matrix elements. A problem with
LO matrix elements is that the results in many cases are only reliable for the shape of the
kinematic distributions, while the absolute normalisation is often poorly described, due to
corrections in the matrix element at higher order. However, at each higher-order matrix
element calculation, such as next-to-leading-order (NLO) and next-to-next-to-leading order
(NNLO), many more possible diagrams are to be taken into account, and it is technically
difficult to compute them all. There are also certain logarithms that appear in the perturbation
theory, and not just at NLO or NNLO, but in all orders of o. How many logarithms at each
order in @ are resummed is determined by whether the calculation is leading logarithm (LL),
next-to-leading logarithm (NLL), or next-to-next-to-leading logarithm (NNLL) accurate.
Most matrix element calculations in this analysis are done at NLO and are then normalised
to NNLO and NNLL.

After having generated the matrix element, the particles from the hard-scatter need to
shower in order to acquire the final state from the p-p collision to the level of individual

stable particles. The created particles from the matrix element can have colour charge and
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thus radiate virtual gluons, which can further emit gluons or produce quark-antiquark pairs,
leading to a parton shower. When the strong interaction coupling increases in magnitude,
due to colour confinement, hadronisation starts, and the created coloured particles will turn
into colourless hadrons. In a hadron-hadron collider the constituents of the incoming hadrons
will also undergo interactions with the produced particles in the hard-scatter; this is called
the underlying event. The parton shower, hadronisation and underlying event are all referred
to as showering. In the case where the matrix element is generated by Powheg or Madgraph,
showering is done by Pythia [169]. Pythia is tuned to better match the ATLAS data using
the A14 tune [170]. In the case of Sherpa, the showering is done by Sherpa itself. The SM
backgrounds and the generator and parton shower choices for each of them are summarised
in Table 7.3.

After the stable particles from the event have been generated, the detector simulation
describes the interaction of the particles with the material of the detector. The detector
simulation is achieved using GEANT4 [171], which simulates the interaction of particles
with matter using MC. The detector simulation for the background MC samples is carried
out with the full ATLAS detector simulation [172].

7.1.1 Treatment of uncertainties

A systematic uncertainty is connected to the way the MC simulation has been performed.
The systematic uncertainties can be divided into two classes. The first are uncertainties from
experimental conditions and reconstructed particles, called instrumental uncertainties. The
second are uncertainties from the theoretical modelling in MC, called theoretical uncertainties.

Both the instrumental and theoretical uncertainties are discussed in this section.

Instrumental uncertainties

The reconstruction, as described in Chapter 5, relies on measurements performed by the
ATLAS detector to reconstruct the experimental conditions and particles in the p-p collisions.
Instrumental uncertainties arise from the precision with which the detector is able to perform
these measurements. Instrumental uncertainties affect all MC samples used to model the
background (and signal) processes, but not the data-driven Z+jets/Z+y sample. The instru-
mental uncertainties attached to the experimental conditions and the reconstructed particles

will be summarised in this section.

a) Luminosity The absolute luminosity scale is determined using van der Meer scans [173]
during dedicated running periods in each year. The luminosity scale is then extrapolated to
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normal data taking periods incorperating measurements from several luminosity sensitive
detectors. The primary bunch-by-bunch luminosity measurement is provided by the LUCID2
Cherenkov detector. The ATLAS calorimeters then provide bunch-integrated measurements
[95]. On the measurement of the luminosity of the combined Run-2 dataset it has been found

that the relative uncertainty is equal to 1.7% [174].

b) Pile-up Pile-up, or u, as described in Section 3.1.1, is defined as the amount of collisions
per bunch crossing. Differences between MC and data are corrected by means of u scaling
to data. Simulated samples are generated with a pile-up profile (i) overall scaled to data,
where the profile is approximately equal to the profile observed in data, however only after
data taking the real u profile is known. After data taking the pile-up profile is reweighed in
MC in each u bin to match data. The uncertainty on this reweighing procedure is taken into

account.

¢) Electron-related uncertainties The electron energy scale and resolution are calibrated
using Z — eTe” and J/y — eTe” data events [175]. The calibration procedure adjusts
the calorimeter response in data and compares data to MC to produce correction factors to
account for differences between data and MC. The uncertainty on the electron energy scale
and resolution is taken into account.

Further sources of uncertainties are related to the electron reconstruction, identification
and isolation as described in Section 5.3.1. Correction factors are measured with a tag-and-
probe approach on Z — e*e™ events in both data and MC [153] and applied to MC events.
The uncertainty on the reconstruction, identification and isolation is taken into account.

The PromptLeptonVeto isolation algorithm is calibrated for electrons as is described in

Section 5.4.1. The uncertainty attached to the calibration of the PLV is taken into account.

d) Muon-related uncertainties The muon momentum scale and resolution are calibrated
using Z — utu~ and J/y — pup~ data events [157]. Uncertainties are associated to the
muon momentum scale, the momentum resolution as measured in the Muon Spectrometer
and Inner Detector, as well as sagitta distortions caused by small detector mis-alignment.

Further sources of uncertainties are related to the muon reconstruction, identification and
isolation as described in 5.3.2. Correction factors are measured with a tag-and-probe approach
onZ — utu~ events in both data and MC and applied to MC events. The uncertainty on
the reconstruction, identification and isolation is taken into account.

The PromptLeptonVeto isolation algorithm is calibrated for muons as is described in

Section 5.4.1. The uncertainty attached to the calibration of the PLV is taken into account.



7.1 Monte Carlo background samples 131

e) Jet energy scale, resolution and Jet vertex tagger Jets are reconstructed as described
in Section 5.2. Jet energy scale (JES) uncertainties originate from the calibration process
consisting of a combination of MC-based methods and in situ techniques [176]. Jet energy
resolution (JER) uncertainties arise from the smearing procedure applied to MC events in
order to match the energy resolution measured in data [177]. Finally, there is an uncertainty
in the calibration of the Jet vertex tagger (JVT) algorithm, used to suppress pileup jets [149].

f) Flavour-tagging In most of the regions in the analysis a b-jet veto is applied, where
b-jets are tagged as described in Section 5.2.1. The uncertainties arise from the b-tagging
efficiency corrections parametrised over the jet pr and flavour, which are applied to MC
events [178].

g) Missing transverse momentum E%‘iss is computed as described in Section 5.5 using
the reconstructed physics objects and an additional track-based soft term comprising all
remaining unmatched tracks. Uncertainties from the reconstructed particles that enter the

EsS and the track-based soft term make up the uncertainty.

Theoretical uncertainties

When producing estimates of physical processes using MC, as described in Section 7.1,
an uncertainty in the cross-section of the process has to be taken into account, as well as
uncertainties reflecting the choices made for the matrix element generator, renormalisation
and factorisation scale and the PDF. The choices made will have an impact on the result. For
all of the backgrounds a theoretical uncertainty is considered to account for the uncertainty in
the cross-section. For the three largest backgrounds, which are WZ, ZZ and tf, more detailed

theoretical uncertainties have been derived which will be discussed in this section.

1) WZ and ZZ theoretical uncertainties

Several sources of theoretical uncertainties on the modelling of the WZ and ZZ background
have been considered. The theoretical uncertainties are provided by the generator of the WZ
and ZZ samples, which is Sherpa. Each theoretical variation comes in the form of a weight
in the nominal sample or in the form of an alternative generated sample. The weight in the
nominal sample or the alternative sample is evaluated in the different regions of the analysis
to obtain the variation in that region, and from there obtain the systematic uncertainty.

The nominal sample is passed through the full ATLAS detector simulation, it is thus

possible when using the weights in the nominal sample to estimate the systematic uncertainty
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after the full detector simulation. For the alternative samples the detector simulation has not
been run, as it is computationally intensive and it has a minimal impact on the theoretical
variation. The systematic uncertainty is thus only estimated at generator level when using the

variations in the alternative samples. The uncertainties can be divided into several groups.

a) Scale variations Uncertainties arising from variations in the renormalisation and factori-
sation scales (UR, Up, Ur+Ur) of a factor 1/2 and 2 have been evaluated. The scale variations
are the leading diboson modelling uncertainties, with the largest contributions coming from
the (g and ug + pp variations. The uncertainty has been evaluated after full ATLAS detector

simulation.

b) PDF + «; variations The impact of the PDF choice was evaluated by using different
PDF sets MMHT2014 [179], CT14 [180], and NNPDF [168], and taking the envelope as
the uncertainty. The value of the strong coupling constant ¢ is varied within its uncertainty.
Both uncertainties have been evaluated after full ATLAS detector simulation.

¢) Re-summation The uncertainty related to the re-summation scale QSF, for example the
upper cut-off of perturbative calculations for parton shower evolution, has been evaluated.
The nominal QSF value of 2 GeV is varied by a factor 1/4 and 4. The uncertainty has been
evaluated at generator level.

d) Merging scale variations The CKKW merging scale [181] determines the lower limit
in pr of the additional partons added in the matrix element. Below this threshold additional
partons are added by the parton shower. The uncertainty related to the choice of the CKKW
merging scale, at 20 GeV, has been evaluated, considering the alternative values of 15 GeV

and 30 GeV. The uncertainty has been evaluated at generator level.

e) Recoil scheme variation The impact of using an alternative recoil scheme [182] for
single particle emission in the parton shower has been evaluated. The uncertainty has been

evaluated at generator level.

2) tf theoretical uncertainties

Several sources of theoretical uncertainties on the modelling of the ¢7 background have been
considered. The nominal sample used for 7 is POWHEG + Pythia 8. Theoretical uncertainties
are provided by variations in the nominal POWHEG + Pythia 8 sample itself, an aMC@NLO
+ Pythia 8 sample and a POWHEG + HERWIG7 sample. And a POWHEG + Pythia 8 sample
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where the hdamp parameter is varied.> The nominal sample has hdamp set to 1.5 x m, and
the alternative sample has hdamp set to 3 X m;.

Each theoretical variation comes in the form of a weight in the nominal sample or in the
form of an alternative generated sample. The weight in the nominal sample or the alternative
sample is evaluated in the different regions of the analysis to obtain the variation in that
region, and from there obtain the systematic uncertainty. On all the samples the full ATLAS

detector simulation is run.

a) Matrix element generator The modelling at the matrix element level is checked by
comparing the POWHEG + Pythia 8 sample with the aMC@NLO + Pythia 8 sample.

b) PDF + o, variations PDF + o uncertainties are estimated using weights provided by
POWHEG in the nominal samples following the PDFALHC [183] prescription.

¢) ISR + FSR uncertainties Pythia contains a separate initial state radiation (ISR) parton

ISR ISR
U

shower scale og>™ [184]. ISR uncertainties are derived by varying , the renormalisation

and factorisation scales (URr, Up, Ur+Ur) and the hdamp parameter. For the up variation O@SR
is varied up, a factor 1/2 has been evaluated for the renormalisation and factorisation scales
and the alternative hdamp sample is used. For the down variation OcéSR is varied down, a
factor 2 has been evaluated for the renormalisation and factorisation scales and the nominal
hdamp sample is used.

Pythia also contains a separate final state radiation (FSR) parton shower scale agSR. For

FSR

the up variation ™" is varied up and a factor 1/2 has been evaluated for the renormalisation

and factorisation scales. For the down variation (XESR is varied down and a factor 2 has been

evaluated for the renormalisation and factorisation scales.

d) Showering The modelling at the matrix element level is checked by comparing the
POWHEG + Pythia 8 sample with the POWHEG + HERWIG7 sample.

7.1.2 Control regions

The goal of the MC background estimation described in 7.1 is to provide a correct estimation
of the SM backgrounds in the Signal Regions (SRs) described in Table 6.2. The correctness
of the estimation of the MC background can be checked by comparing it with the measured

data in a region pure in that MC background. If the MC background estimation agrees with

>The hdamp parameter controls the pr of the first additional emission beyond the Born approximation and
it regulates the high pt emission against which the ¢f system can recoil.
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the observed data it means a good estimation of that background is provided. However, the
MC generators are not perfect, and especially when zooming in on extreme corners of phase
space there is the possibility that the background is not properly normalised to the data or
that the shape of the background is incorrect. For our main background derived using MC,
the WZ background, it is important that both the normalisation and shape are correct. Control
Regions (CRs) have been designed to adjust the normalisation of the WZ background.

The normalisation of the WZ background can be adjusted by comparing it with the
measured data in a region pure in WZ events with high statistics, a WZ CR. In the CR a

normalisation factor for WZ can be extracted such that,

data — MCyher

7.1
MCry (7.1)

Uwz =
where MCoher = MCiotal — MCyyz. The normalisation factor is then applied in the SRs such
that,

MCWZ,normalised =MCyy - Hwz. (7.2)

A CR should have high purity in the WZ background, ensuring that the normalisation is as
little dependent on the contributions from other SM backgrounds as possible. Also a CR
should be high in event statistics to not bias the correction with statistical fluctuations. It is
also beneficial to have a CR kinematically close to the SRs, as the normalisation factor will
then account for the mismodelling in that same phase space.

The CRs for the WZ background are designed to correct mismodelling observed in
the ]\Gi?sGeV distribution. In Figure 7.1 it is observed that the background estimation has a
downward trend in the data/MC agreement with increasing jet multiplicity. To correct for the
mismodelling the WZ CRs are divided into a jet-veto region, CRWZ-0j, and a region with
jets, where at least one jet is required, CRWZ-nj. In each WZ CR a normalisation factor for
WZ is extracted, thus obtaining normalisation factors Ly zo; and Uy zy;.

The WZ CRs are defined in regions where the W and Z are on-shell. Ideally, it would be
best to correct in an off-shell WZ phase space like the SRs, where myy < 75 GeV, however
no orthogonal, sufficiently pure regions were found where this is possible. In order to
select the on-shell Z the my, window is [81,101] GeV, and to select the on-shell W a cut is
placed of mt > 50 GeV. An E%liss cut is applied in order to be orthogonal with the on-shell
FE) — wrzz0%? signal regions [15], of which the result is summarised in Section 11.5.
The WZ CRs are defined in Table 7.4.
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Fig. 7.1: Distribution for I\Iji(t)sGev in the CRWZ before the fit. I\Iji(t)sGev is defined as the number of jets
with pt > 30 GeV. Only statistical uncertainties are included.

Table 7.4: WZ control region (CRWZ) definitions.

my [GeV] Nfe?sGeV EMSS [GeV] lepton pr [GeV]  mr [GeV]

CRWZ-0j € [81,101] 0 <50 all3 > 10
CRWZ-nj € [81,101] >1 <50 all 3 > 10

>50
>50
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Background-only fit

In order to determine Uy zo; and Uwz,;, including the systematics uncertainties described in
Section 7.1.1, a maximum likelihood method is used instead of Equation 7.1. All systematic
uncertainties are implemented in the fit as nuisance parameters 6. The likelihood for

measuring the observed data in the CRs is given by

L(ii|twz0;, twznj» 8) = [T P(nilNi(twzo;. wznj» 0)) X Coyt (6), (7.3)

i€CR
where P is a poisson distribution and C is typically a gauss, poisson or log-normal distribution.
The likelihood depends on the number of measured events, n;, and the number of expected

events V;, where N, is given by

Ni(Lwzoj, Uwznj, 8) = twz0; - bwzoj(8) + twzn; - bwznj(8) + ) b;i(6). (7.4)
jiwz

N; 1s a function of normalisation scale factors Uy zo; and Uwz,;, number of expected back-

ground events b and nuisance parameters 6. The profile likelihood ratio, A, is then used to

obtain the normalisation factors and uncertainty for twzo; and Uwzy,

a~
~
=

L7 j n'76 9 nj
A (w20, i 20y) = (71| wz0j Mw Zn (.UWZOJQ Uwz J)). (75)

L(7| w20, Uwzn;j, 0)

In this notation a single hat corresponds to values that maximise the likelihood overall and a
double hat corresponds to values that maximise the likelihood for a fixed pwzo; and Uwzy;.

The normalisation factors obtained are Uy zo; = 1.064 +=0.027 and pwz,; = 0.932 &
0.030. The yields before and after the fit are presented in Table 7.5. The determination of
the normalisation is barely affected by the systematic uncertainties, retaining only statistical
uncertainties gives (%, . = 1.064 £0.017 and ui7, ; = 0.932£0.026. The outcome of the
fit is propagated to the WZ validation regions described in Section 9.1. The normalisation
factors are also applied in the rest of the validation regions in Chapter 9 and when optimising
the signal selection in Chapter 8. In Chapter 10, where the unblinded results will be shown,
the outcome of the fit is propagated to the SRlow and SRhigh. The agreement after the fit
between the estimation and the data can be seen in Figure 7.2 for CRWZ-0j and in Figure
7.3 for CRWZ-nj.
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Table 7.5: Yields for CRWZ-0j and CRWZ-nj. The purity in the WZ background before the fit is 89%
in the CRWZ-0j and 87% in the CRWZ-nj. The normalisation factor uyz estimates the scale factor
that should be applied to the WZ background to obtain a data/prediction ratio of 1. Statistical and
systematic uncertainties are included.

Region CRWZ-0j CRWZ-nj
Observed 5237 3149

Post-fit 5237 £ 72 3149 £ 56
Wz 4699 + 80 2703 + 69
77 337 £ 25 271 £+ 35
Fakes 182 4+ 19 130 + 17
1 40+14 82+1.5
ir X 46+06 265+32
Others 96+1.9 92+2.0
Pre-fit 4954 £ 90 3345 + 69
Wz 4416 £ 75 2900 % 49
Z7 337 £ 26 271 £+ 35
Fakes 182 £ 19 130 + 17
tr 40+14 824+1.5
it X 464+06 265+32
Others 96+1.9 924 2.1

Table 7.6: Breakdown of the systematic uncertainties on background prediction in the CRWZ. The
sources of uncertainty considered in the fit have been grouped into categories taking into account their
correlations. Because of these correlations, the total background uncertainty is not necessarily the
sum in quadrature of the individual uncertainties. The fake systematic uncertainties are explained in
Section 7.2.5.

Uncertainty of channel CRWZ-0j CRWZ-nj
Total background expectation 4954 3345
Total statistical (/Nexp) +70 458
Total background systematic +90 [1.8%)] +69 [2.1%)]
Theoretical +20 +34
Fake +19 +17
Experimental +15 +9.2
MC stats £0.77 £0.95

Normalisation +0.44 +0.29
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Fig. 7.2: Distributions for CRWZ-0j showing (a) m}™, (b) mr, (¢) E™ and (d) minAR. The twzo;
scale factor is applied to the WZ background. Statistical and systematic uncertainties are included.
The last bin includes overflow.
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7.2 Data-driven background samples

The Z+jets/Z+7y background is estimated enacting a data-driven technique. The background
has a 2-lepton final state and one misidentified (fake) lepton, and a data-driven technique is
used because fake leptons are usually poorly described by MC simulation. A solid estimate
for this background is needed in the region with low E%‘iss and low pr, as it is expected to be
the dominant background.

A fake lepton can originate from different sources, such as when a light flavour jet is
improperly identified as a lepton, when a heavy flavour hadron decays semi-leptonically,
or when a photon converts into a pair of leptons. While heavy flavour decays and photon-
conversions actually result in a non-prompt but real lepton, collectively all of these will be
referred to as fake leptons for simplicity.

Fake leptons in the 3-lepton final state arise from two types of processes: Z+jets/Z+y and
top-like backgrounds. Z+jets/Z+7 refers to the process where a Z decays to two real leptons
while a jet or photon fakes an electron or muon. Top-like backgrounds are the collection
of tt, singleTop (Wt), and diboson2/ (WW) backgrounds, and are treated simultaneously
because they have similar kinematics. The primary distinction between the different top-like
backgrounds is the number of b-jets in the final state. As #7 has the largest cross-section it is
typically the dominant process contributing to the top-like background.

There are three main reasons why Z+jets/Z+7 is estimated using a data-driven technique
and the top-like fake backgrounds are estimated using MC. The first reason is that in the ¢
decay there is a well modelled heavy-flavour decay, which originates from a real b-meson
and will thus produce real leptons in the detector. In Z+jets/Z+7 there are also light-flavour
decays containing pions and there are electrons that arise from photon-conversion, which
are both harder to model in the detector simulation. The second reason that Z+jets/Z+y
is harder to model by a generator because it contains higher order corrections, whilst the
top-like backgrounds are at leading order. The third reason is that the available Z+jets/Z+y
MC sample is low in statistics in the off-shell Z selection and thus gives a large statistical
uncertainty. For these reasons a data-driven approach called the Fake Factor method is used

to estimate the contribution of Z+jets/Z+Y.

7.2.1 Fake Factor method

The Fake Factor method relies on two sets of lepton identification criteria. The first is the
standard lepton identification used in the analysis, referred to as ID lepton criteria. The
second is an orthogonal criteria, referred to as anti-ID lepton criteria, which is designed to be

enriched in fake leptons by relaxing or inverting various lepton identification criteria. The
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Fig. 7.4: Schematic representation of the fake factor method. F is measured in a region enriched in
fakes, called the measurement region, and is then applied to the application region in order to estimate
the amount of fake ID leptons in the signal regions.

fake factor, F, is defined as the ratio of ID to anti-ID leptons, as measured in a kinematic
region in the data primarily consisting of fake leptons. To ensure that only the background
that needs to be modelled, Z+jets/Z+7, is considered in the measurement of ', MC is used to
remove contamination from other backgrounds. The fake factor then takes the form,

NID, data(i) - NID, other MC(i)

F(i)= - ;
( ) Nanti—ID, data(l) - Nanti—ID, other MC (l) ’

(7.6)

where N is the number of events and other MC refers to backgrounds not estimated from
F. F is binned on kinematic quantities such as the lepton pr, so i refers to the i bin, for
example pr bin.

Once F has been measured in the fake dominated region, it can then be used to obtain the
background estimate in the SRs. To do so, an application region identical to the SRs, except
for the anti-ID requirement, is used. The number of fake ID leptons in the SR is estimated

from anti-ID leptons applying F, such that

IDiepton (i) = anti-IDyepion (i) - F (7). (7.7)
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The fake estimate for three lepton events containing at least one fake lepton is given by

Nyt (i) = N (i) =
F () (N (8) = N () + F () (N (8) = N () + F () (N (8) = N3 (0)
—F(i)F ()(Nyy2(i) = NEER () = F(F (1) Ny, (1) = NFT(0)) = F()F (D) (N (1) = NS (D)

+F (()F ()F (i) (Nyy, (1) = NI (),
(7.8)

where “RRR” indicates events with three real leptons as determined using MC, 1 corresponds
to ID leptons, and | corresponds to anti-ID leptons.

In order for the Fake Factor method to estimate the Z+jets/Z+7y background as illustrated
in Figure 7.4 it is needed to:

1. Define ID and anti-ID criteria and a measurement region.

2. Check the fake composition for the ID and anti-ID criteria between the measurement

and application region, such that F is valid to be used in the application region.
3. Perform a measurement of F.

4. Perform the application of F' using the application region.

7.2.2 Measurement region

The Fake Factor method relies on inverted lepton identification and isolation criteria to
estimate the fake lepton background in data. In the analysis two different fake factors are
measured for leptons, since the first two leptons leading in pt have different ID criteria from
the third leading lepton. The ID criteria of the third leading lepton include the Prompt Lepton
Veto (PLV), which is defined is Section 5.4. The PLV is applied to reduce the amount of
fakes, the use of which will be explained further in Section 8.3. As a consequence F is used
for the first two leading leptons and Fpry for the third leading lepton. The definitions of the
ID and anti-ID criteria for electrons and muons are described in Table 7.7 for F and in Table
7.8 for FPLV-

The fake factors in the analysis are derived in a region dominated by Z+jets/Z+7y. The
region requires events to have three baseline leptons with at least one opposite-sign same-
flavour (OSSF) pair of leptons. The OSSF pair should have |my, —mz| < 15 GeV, where in
cases of ambiguity the myy pairing is chosen to be the one that minimises |mg — myz|. The
remaining unpaired lepton is the fake candidate since the other two leptons belong to the Z.

The leptons paired with the Z are required to pass the ID criteria, while the remaining fake
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Table 7.7: ID and anti-ID electron and muon definitions used for the measurement of F'. The baseline
and signal selection definitions for electrons from Table 6.3 and for muons from Table 6.4 are used to
define anti-ID criteria, where anti-ID leptons are defined as leptons that pass the baseline selection

but fail the signal (ID) selection. Overlap removal is not applied to muons to improve the amount of
anti-ID muons at pp > 30 GeV.

\ Electrons

\ Muons

ID

Medium identification
Gradient isolation
do/ 0| < 5
|Azgsin@| < 0.5

Pass overlap removal

Medium identification
FCLoose isolation
do/ 0| < 3

|Azpsin 8| < 0.5

Anti-ID

Loose identification

+ hit in the innermost pixel layer
|Azgsin 0| < 0.5

Pass overlap removal

1D

Medium identification

|Azpsin 0] < 0.5

1D

Table 7.8: ID and anti-ID electron and muon definitions used for the measurement of Fpy where
PLVTight is applied to the lepton 3™ leading in pt. The baseline and signal selection definitions
for electrons from Table 6.3 and for muons from Table 6.4 are used to define anti-ID criteria, where
anti-ID leptons are defined as leptons that pass the baseline selection but fail the signal (ID) selection.
Overlap removal is not applied to muons to improve the amount of anti-ID muons at pt > 30 GeV.

| Electrons | Muons
Medium identification Medium identification
Gradient isolation FCLoose isolation
D [do/Oap| <5 |do/0ay| <3
|Azgsin@| < 0.5 |AzpsinB| < 0.5
Pass overlap removal -
PLVTight PLVTight
Loose identification Medium identification
+ hit in the innermost pixel layer
Anti-ID | |Azpsin8| < 0.5 |Azpsin 0| < 0.5
Pass overlap removal -
1D 1D
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Table 7.9: Fake factor measurement region definition.

variable cut

Dilepton triggers from Table 8.4 matched to leptons from Z
No overlap removal applied for the “unpaired” muons

Niets < 1 for events with a pt > 30 GeV muon, and ]\/ji?SGeV == 0 for all other events
NZQ GeV ==
b-jets
EF"® <40 GeV
myg € [mz —15,mz + 15] GeV
mt <30 GeV
msy >105 GeV

Table 7.10: Expected yields in the fake factor measurement region using MC. Z+jets/Z+y MC
simulations are generated using Sherpa 2.2.1. Only statistical uncertainties are included.

| sample | Fake factor measurement region |
| Z+jets/Z+y MC | 36040 + 540 |
\\'V4 13384+ 12
77 11224+ 14
tt 10.724+0.71
1t +X 4.32+0.16
Others 339+1.5

candidate lepton must satisfy either the ID or the anti-ID criteria. In order not to obtain a
trigger bias on the measurement of F, paired leptons from the Z are required to match the
di-lepton trigger, such that the event is not triggered by the fake candidate.

The selection criteria for the fake factor measurement region are summarised in Table
7.9. The expected yields of all the backgrounds in the measurement region are displayed
in Table 7.10. To suppress WZ, cuts on EITniSS <40 GeV and mr <30 GeV are imposed.
A b-jet veto is imposed to suppress ¢f. In order to primarily look at Z+jets events with
exactly one fake, a jet-veto is applied, since the removed jet fakes the lepton, eliminating the
need for additional jets in the event. A jet-veto is also applied for kinematic reasons, such
that the event is a Z balanced against a fake from a jet or photon. Z + y events where the
photon radiates off of a lepton have ms, consistent with mz. To reduce this contribution a
requirement of ms3, > 105 GeV is imposed; this cut is further explained in Section 7.2.3.

Muons have a high reconstruction efficiency at high pr, so in that pt range there are few
anti-ID muons. Having low statistics samples of anti-ID muons at high pt will cause a large

statistical uncertainty on F. In order to allow for more statistics of fake muons, no overlap
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Fig. 7.5: (a-b) Fake factor F to be assigned to the first and second leading leptons in the fake-lepton
background estimation. (c-d) Fake factor Fpry, to be assigned to the third leading leptons in the
fake-lepton background estimation.

removal (OR) is applied for the unpaired muons considered in the measurement region.
This is done for both ID and anti-ID events. With no OR applied, a jet-veto requirement
would also veto most muons. To allow for a jet-veto in spite of the relaxed muon OR, events
are required to either have no reconstructed jets with pt > 30 GeV or no more than one
pt > 30 GeV jet for events with a pr > 30 GeV muon.

Fake factors obtained from the measurement region are presented as a function of pt
and E%liss in Figure 7.5. Since the goal is to obtain a fake factor to estimate Z+jets/Z+7,
the contribution from all the other backgrounds to the fake factor is removed using MC as
defined in Equation 7.6. The percentage of the backgrounds other than Z+jets/Z+y in the

measurement region is highlighted in Table 7.11.
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Table 7.11: Percentage of the backgrounds other than Z+jets/Z+7Y in the measurement region. These
backgrounds are subtracted using MC during the measurement of the fake factor in order to only
estimate F for the Z+jets/Z+7y background.

Subtracted backgrounds percentage in measurement region

wz 3%
Z7Z 3%
tt 0%
tr+X 0%
Others 0%

7.2.3 Fake composition

F depends on the composition of fake leptons sources (light flavour jets, heavy flavour jets
and photon-conversions) and thus the composition of fake leptons in the measurement region
should be as close as possible to the composition of fake leptons in the signal region. It
is expected that the composition of fake leptons sources changes with certain kinematic
variables such as pr, E%liss and 7). Correct modelling of the fake background can be accounted
for by binning F in these variables.

For electrons, Figure 7.6(a) demonstrates that photon-conversion fakes also depend on
m%“ in SRlow. Since F' is measured in myy € [75,105] GeV and applied in myy < 75 GeV,
it is not possible to bin F in m‘é}in € [0,75] GeV to capture this dependence. When the
composition has such a difference, large systematic uncertainties have to be assigned which
account for the mismatch. Another option is to reduce the photon-conversion fakes in the
SRs. Photon-conversion fakes are reduced using cuts on m3; and min AR and are derived on
the basis of studies in the SRs presented in Figure 7.6. Events with eee or p e (where the
fake candidate is an electron and thus where there can be photon-conversion), are required
to satisfy msy ¢ [mz —20,mz +20] GeV, and minAR € [0.6,2.4]. The former requirement
suppresses Z+7Y where the photon radiates off of a lepton, the latter reduces conversion from
jets (< 2.4) and from electrons (> 0.6).

After having reduced the photon-conversion dependence on m‘é}in it is needed to decide
in which variables to bin F. The fake lepton composition dependence on pt and E%“SS, in
the measurement region and low ES signal regions, for both ID and anti-ID leptons, is
displayed in Figures 7.7 and 7.8. It is observed that for a two dimensional binning in pt
and E%liss the fake composition is similar between the measurement region and SRlow. The
binning used for the fake factor is defined in Table 7.12.
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Fig. 7.6: Distributions showing the fake composition for electrons in the SRs. (a) Distribution of m”lln

in SRlow. The mz‘}m distibution shows a dependence on photon-conversion fakes. (b) Dlstrlbutlon
of m“[lln in SRhigh. The distribution demonstrates that photon-conversion fakes are negligible at
hlgher m“s as can also be concluded from Figure 7.8(d). (c) Distribution of mj3, in the SRlow
region. (d) Distribution of minAR in the SRlow region. (e) Distribution of m!i" in SRlow after the
m3¢ and min AR cuts. The dependence on mmln of the photon-conversion fakes in SRlow has been
reduced. The distributions are obtained from Z+jets/Z+y MC simulations generated using Sherpa
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Z+jets/Z+y MC simulations generated using Sherpa 2.2.1.
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Table 7.12: The fake factor F is binned in pr and EMiss,

Lepton | binning

Electron | [0, 4.5, 6.7, 8. 10, 15, 20 30, 50, 100]
pr GV Vion | [0.3.4.5.6.7. 8. 10, 15,20, 30, 50, 100]
EFS [Gev ] | - [0, 10, 20, 30, >40]

7.2.4 Application of F

Once the fake factor has been measured in the measurement region, it can be used to obtain
the background estimate in the signal regions (or control/validation regions). To do so, an
application region is used which is identical to the signal region except that one or more of
the ID leptons is replaced with an anti-ID lepton. The anti-ID leptons from the application
region then get transferred to ID leptons by applying Equation 7.8, using F for the two
leptons leading in pT, and Fpry for the third leading lepton. In Equation 7.8, i now denotes
the binning in lepton pt and E%’iss, such that F(pr, E%liss).

The goal is to obtain a Z+jets/Z+7y background estimate, as a consequence all backgrounds
other than Z+jets/Z+7y have to be subtracted. The backgrounds with three real leptons,
indicated with “RRR” in Equation 7.8, get subtracted using MC. And also the top-like fake
backgrounds get subtracted using MC. Since a large part of 7 background is subtracted in
the application to the signal region, it is necessary to have a correct estimate of the number
of anti-ID #7. To make sure that 77 anti-ID normalisation is correct, a fit is performed on an
anti-ID region pure in #f to calculate a normalisation factor for #f anti-ID.

¢t anti-ID normalisation

The anti-ID events of the ¢ background are normalised to allow for improvement of the
top-like background subtraction in the Z+jets/Z+7y estimate. For the top-like fake background
(tr, Wt, and WW), an anti-ID control region, called anti-ID CR¢z, is constructed using
different-flavour, opposite-sign three lepton events. In other words, events must be of the
form eTet T or uTpuTeT, where the two same-flavour leptons must have the same-sign
and the different flavour lepton must have the opposite-sign. This is advantageous because
it guarantees that one of the two same-flavour leptons is the fake lepton. Using the control
region allowing for the presence of an anti-ID lepton results in high purity in top-like fakes. In
addition to the different-flavour, opposite-sign requirement, an E‘TniSS > 50 GeV cutis applied
for tf purity. The selection criteria defining this top-like control region are summarised in

Table 7.13. Normalisation factors are derived separately for electron and muon fake events,
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Table 7.13: Anti-ID 7 control region (anti-ID CR¢?) definition.

anti-ID CRs7

Trigger scheme as described in Section 8.2
Events with two ID leptons and one anti-ID lepton
Only eTetu™ and u*u*eT events
When measuring the normalisation factors for events with an anti-ID lepton,
the anti-ID lepton must be one of the same-flavour, same-sign leptons
EMSS > 50 GeV

P >10 Gev

Four normalisation factors are obtained from the CR

20 GeV __ 20 GeV
Nb—jets =0 ‘ Nb—jets >0
anti-ID = electron ‘ anti-ID = muon ‘ anti-ID = electron ‘ anti-ID = muon

Table 7.14: Obtained normalisation factors from anti-ID CR¢7.

electron muon

NSV =0 0.953+£0.034 0.882+£0.045

-jets

N2GV . 0 0.924+0.024 0.960+=0.028

b-jets

as well as for events with Ny jets = 0 and Np_jers > 0 (to avoid extrapolating over Np_jes). The

distributions for this region are shown in Figure 7.9.

7.2.5 Treatment of uncertainties

After having established the Z+jets/Z+7 estimation, an uncertainty has to be assigned to the
estimation. The Z+jets/Z+7Y estimation is subject to a number of systematic uncertainties. The
systematics uncertainties reflect statistical uncertainty in the measurement of F* and choices
in our strategy for the measurement of F'. These systematic uncertainties are summarised as

follows:
* Statistical uncertainty on measurement of F.
* Different choice of parametrisation of F.

* Different E%niss binning of F.
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e WZ cross-section for MC subtraction in measurement of F'.

* Muon overlap removal in measurement of F'.

Statistical uncertainties

There is a limited amount of ID and anti-ID events present in the measurement region, which
means there is a statistical uncertainty on the measurement of F. The statistical uncertainty
can be kept to a minimum by increasing the amount of ID or anti-ID events, by for example
turning off the OR for muons to increase the amount of anti-ID muons.

The statistical uncertainties on F' are accounted for by error propagation obtaining the
variations F (pr, EX$) + 16 taken from Figure 7.5. All the pr and EX® bins are independent
measurements each with their own F'( pT,E%niSS) and their own o accordingly, and as a result
all the statistical uncertainties have to be treated separately. For each event the variation
for 10 up or down is stored together with which pt and E%‘iss bin the variation belongs
to. Storing the variation for each pt and E%niss bin separately allows the fit to pull on each
independent measurement of F (pr, EFsS).

In case of an event with two or more anti-ID leptons where the two leptons fall into the
same pr and E%‘iss bin, their F is fully correlated. The uncertainty propagated in that case is
(F(pr,EX%) 4+ 16)2. At most two anti-ID leptons can be correlated since the third lepton

uses Fpry.

Different parametrisation

The fake factor, F', can depend on different variables, meaning that for the measurement of F
a choice has to be made as to which variables to parametrise. Certain variables are sensitive
to the composition of the different fake sources and binning in these variables allows for
correct modelling of Z+jets/Z+7y. Section 7.2.3 elaborates on the choice to parametrise F
on the lepton pt and EN. While the pr and EFSS parametrisation is chosen for the better
modelling, it does not capture the variations of F in 7.

Since F' can also depend on 1), an alternative choice would be parametrising also on the
lepton 1. The choice of 1 binning is presented in Table 7.15. The fake factors, F' and Fpry,
parametrised in pr, E%‘iss and |n| are shown in Figure A.1 and Figure A.2, respectively, of
appendix A. The three dimensional pr, E‘TniSS and |n| parametrisation is used to introduce a
systematic variation, as an alternative to the two dimensional pt and E‘TniSS parametrisation.
The fake factors that account for the different parametrisation are propagated as an uncertainty
on the Z+jets/Z+y estimation.
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Table 7.15: Variation of the fake factor F' binning in 7).

Lepton \ n

Electron | [0, 1.37, 1.52, 2.47]
Muon [0, 0.1, 1.3, 2.5]

Different E!r“iss binning

A variation in the E%‘iss binning takes into account the potential composition change at
high E%liss (>40 GeV), although the MC composition study as presented in Figure 7.10
demonstrates that the variation is almost saturated at 40 GeV. The alternative choice of Ess
binning appears in Table 7.16. In order to incorporate the change in binning, the E%‘iss cut
in the measurement region is moved to < 50 GeV. The obtained F and Fpry are shown in
Figure A.3 of appendix A. The fake factors that account for the different parametrisation are

propagated as an uncertainty on the Z+jets/Z+Yy estimation.

Table 7.16: Variation of the fake factor F binning in EMsS.

Nominal | EfSS (GeV) | [0, 10, 20, 30, >40]
Variation | Ef (GeV) | [0, 15, 35, >50]

WZ cross-section in MC subtraction

The measurement of F' is used to estimate only Z+jets/Z+7, but there is contamination from
other backgrounds in the measurement region as described in Table 7.11, therefore it is
required to subtract these other backgrounds. The largest background that is subtracted in
the measurement region is WZ. The uncertainty on the cross-section of WZ is 5% [185].
The WZ background subtraction is shifted up and down by the cross-section uncertainty to
derive F and Fpry. The resulting fake factors can be seen in Figure A.4 of appendix A. The
fake factors that account for the uncertainty of the cross-section of WZ are propagated to the

uncertainty on the Z+jets/Z+y estimation.
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Fig. 7.10: Fake factor measurement region with extrapolated E%‘iss. The variation is almost saturated
at 40 GeV. The distributions are obtained from Z+jets/Z+y MC simulations generated using Sherpa
2.2.1.

Muon overlap removal

When the measurement region of F' and application region of F are exactly the same, they
have the same fake source composition. So when having measured F in the measurement
region, it is expected that this is reflected in an accurate description of Z+jets/Z+7 in that
same measurement region. However, for muons there is a difference in the way that F' is
measured and the way that F is applied. For the measurement of F' the OR for muons has
been turned off, whilst for the application of F' the OR of muons has been turned on. For this
reason the closure in the measurement region needs to be checked and this is shown in Table
7.17 for pup, eey, eee and pue. It can be seen from these tables there is a non-closure
in the measurement region for muon faking channels, puuu and eeut. Since the only place
disagreement is observed is in the muons, the hypothesis is that this is due to the muon

overlap removal which is not applied when deriving F.
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Table 7.17: The closure in the fake factor measurement region using the nominal fake factor. The
channels shown are upu, eept, eee and ppe. For the fakes background all the fakes systematics are
implemented, except for a systematic covering the muon OR. The rest of the backgrounds only show

the statistical uncertainty. It can be seen that there is non-closure in the ppp and eey channels.

sample ‘ uuu ‘ eell ‘ eee ‘ uue ‘
Others | 9.81+0.82 | 8.73+0.78 | 5.23+0.61 | 10.17+£0.87
Fakes | 13750230 | 10520180 | 5930+100 | 7820+ 130
i 1.82+£0.29 | 3.02+£0.38 | 1.65+£0.28 | 4.23+£0.44
f+X | 1.18£0.09 | 0.95+£0.08 | 0.87+0.07 | 1.33£0.09
WZ | 4172£72 |2893+5.1 |300.4+5.0 | 330.9+6.6
zZ 329.4+9.5 | 313.9+8.4 | 255.1£55|223.2+3.2
| Total | 14510+230 | 111404180 | 64904100 | 8390+ 130 |

| data | 15940+130 | 12010+110 | 6649+82 | 8316+91 |

In order to validate the non-closure is due to the muon OR, the closure test can be repeated
when F' is measured with the muon OR turned on. The measurement of F when the muon
OR is turned on can be seen in Figure A.5. The muon OR is only turned on for muon pr <
30 GeV due to the high statistical uncertainty if the muon OR were also turned on at higher
muon pt. The resulting closure in the measurement region with ¥ where muon OR is turned
on is shown in Table 7.18 for puu, eet, eee and ppe. As can be seen the closure in the
measurement region is now within the statistical uncertainty for the muon faking channels,
and from this it can be concluded that this systematic is indeed due to the muon OR. The F
and Fppy with the muon OR turned on, shown in Figure A.5 of appendix A, are propagated
as an uncertainty on the Z+jets/Z+y estimation.

Final systematics

After having derived the contribution due to the different systematics sources, which are
statistical uncertainties, different parametrisation, different E%’iss binning, WZ cross-section
in MC subtraction and muon overlap removal, the effect of the systematics can be checked in
the SRs as presented in Table 7.19.
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Table 7.18: The closure in the fake factor measurement region using the fake factor with muon OR
turned on. The channels shown are puu, eey, eee and pue. For the fakes background only the
statistical error is shown, since the fakes systematic uncertainties are derived with respect to the
nominal fake factor. The rest of the backgrounds also only show the statistical uncertainty. It can be
seen that there is closure in all the channels.

sample \ JIyiyy) \ eel eee \ uue

Others | 9.81+£0.82 | 8.73+£0.78 | 5.234+0.61 | 10.17+£0.87
Fakes | 15159451 | 11549+47 | 5929+25 | 7822428

it 1.82+£0.29 | 3.02+£0.38 | 1.65+£0.28 | 4.23+£0.44
f+X | 1.18+£0.09 | 0.95+£0.08 | 0.87+0.07 | 1.33+£0.09
WZ | 4172472 |289.3+5.1 | 300.4+5.0 | 330.9+6.6
7z 329.4+9.5 | 313.948.4 | 255.1£55|223.2+3.2

| Total | 15918 +£52 | 12165448 | 6492427 | 8392+29 |
| data | 15940+130 | 12010+110 | 6649482 | 8316+91 |

Table 7.19: Breakdown of the fakes systematics in the SRlow-0j, SRlow-nj, SRhigh-0j and SRhigh-nj
regions. The regions are the combination of the regions defined in Section 8.4.

Region SRlow-0j SRlow-nj SRhigh-0j SRhigh-nj
Fake background expectation 122 16.0 14.1 3.03
Fake background systematic =~ £13 [11.0%]  +2.1[13.2%] +£1.6[11.5%] =+0.68 [22.4%]
Muon overlap removal +13 +1.3 +0.80 +0.05
Different parametrisation +1.1 +0.09 +0.10 +0.44
Different EX'S binning +0.71 +1.3 +0.93 +0.33

WZ cross-section £0.00 +0.21 +0.00 +0.10
Statistical uncertainties +0.00 +0.81 +0.94 +0.32







Chapter 8
Optimisation of the signal search

Once the Standard Model (SM) background has been modelled, the supersymmetry signal
searched for needs to be modelled. Samples of signal events have been simulated in a
grid of masses of the supersymmetric particles )Zli / )Zg and )Z? . Using the simulated signal
points, the expected yield can be used to optimise the selection for the signal regions (SRs),
whilst keeping the data in the regions blinded. First the trigger acceptance and efficiency
for triggering on the signal is determined. Then the SRs described in Table 6.2 are further
refined: by finding the optimal Prompt Lepton Veto (PLV) working point, and placing cuts
on the kinematic variables described in Section 6.3 that select the signal and/or reduce the
SM background.

8.1 Signal modelling

The supersymmetry signal samples are created using Monte Carlo (MC) simulations. In the
chosen model all of the supersymmetry parameters described in Chapter 2 are kept fixed
except for the mass of )Z? and )Zli / )Zg . By keeping these mass parameters as free parameters,
a parameter space ( Zli / )Zg, )Z? ) of possible supersymmetry models is scanned. In order to
visualise the parameter space a grid has been created and is shown in Figure 8.1. The dashed
lines indicate the semi-compressed region where Myt )50 — Mgo < Mz The points indicate
the mass parameters of )Z? and )Zli / )Zg for which signal samples have been created. The
signal grid has been created in such a way that there are more samples at lower )Zli / )Zg mass,
where most sensitivity is expected.

Madgraph [166] is used to calculate the matrix element for each signal point on the grid.
The matrix element is generated at leading-order (LO) with up to two extra partons. Since
Mys 30 —Myo <Mz, the decay of the )Zli and )Zg produces off-shell W* and Z bosons; to

better model these MadSpin [187, 188] is used, which takes into account angular correlations
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Fig. 8.1: Signal grid of possible supersymmetry models parametrised in )Z? and )Zli / )Zg mass. The
boxes show the generated signal points. The dashed line indicates the region where Mys 70 —Myo <1z
and My 170 = Myo > 0 GeV. The grey shade shows the previous exclusion limits with the ATLAS

experiment, corresponding to the off-shell and on-shell WZ Run-1 result using 20.3 fb~! at \/s = 8
TeV [186].
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Table 8.1: The signal samples MC generation and the choice of generator and parton shower.

Signal \ Generator Parton Shower

i1 —w*zz%7) | MadGraph + MadSpin Pythia8

of lepton pairs from the W+ and Z boson decay. Madgraph and MadSpin are then interfaced
with Pythia [169] with the A14 tune. Pythia takes care of the parton shower, hadronisation
and the underlying event as described in Section 7.1. The choices of generator and parton
shower are summarised in Table 8.1. The detector simulation is performed using GEANT4,
not with the Full ATLAS simulation but with the fast simulation called ATLAS Fast II
[189]. The fast detector simulation does a more coarse simulation of the electromagnetic and

hadronic calorimeter response.

8.2 Trigger Selection

During data-taking there is a collision every 25 ns in which an interesting signal might be
produced, but since the collisions happen so frequent, not all collisions can be processed and
stored. In order to reduce the rate at which the data is stored, a trigger is in place selecting
only the interesting events as described in Section 3.3. For this analysis a study has been
performed to select good triggers to discover the signal.

Signals with a small mass difference (Am) between the Z? and )Zli / )Zg mass decay into
off-shell W* and Z bosons, which then decay into low pr leptons. Since from the collisions
there is a high rate of low pr leptons (< 15 GeV), triggers have a pt threshold in order to
have an operable trigger rate, which is the lowest pt possible. The threshold is still at too
high pt to be able to select all the supersymmetry signals with a small Am. For this reason
the signals with a small Am have low acceptance from lepton triggers. However, using E%liss
triggers, sensitivity for the signals with a small Am can be recovered at high E%“SS. For this
reason cuts to combine the lepton and E%‘iss triggers are established, which are applied after
the trigger selection and offline trigger cuts. The strategy is as described in Table 8.2.

For the lepton trigger events are selected from a combination of lepton triggers shown
in Table 8.4. The choice of lepton trigger depends on the lepton’s pt, multiplicity, and
flavour. The analysis requires exactly three leptons, so the trigger selection is a combination
of electron and muons up to three leptons. The lepton trigger acceptance for signals with

a small Am depends on how low the pt threshold for the trigger is. The selection contains
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Table 8.2: The lepton and E'* triggers are combined depending on the lepton pt and EF* in an
event. The cuts are applied after the trigger selection and offline trigger cuts.

Trigger ‘ Lepton trigger! E‘TniSS trigger

EPSS [GeV ] - > 200
Lepton pr [GeV] | p{,p#>10  pgecton 5 4.5 pmuon 3

all the lowest pr single muon, di-lepton and tri-muon triggers available. Single-electron
triggers are disregarded because of too tight identification (ID) requirements included in
the trigger.> Also the tri-electron trigger is not used, since it has low unique acceptance.’
The lowest E%‘iss triggers are chosen over the data taking periods as listed in Table 8.3. The
trigger acceptance with all triggers used in the analysis, and without the trigger combination
cuts presented in Table 8.2, is found to be 25% — 70% depending on the Am of the signals as
shown in Figure 8.2. The acceptance of 25% is for the signals with a small Am (~ 10GeV),
which results into the lowest pt leptons. To select these the analysis relies for a large part
on the E%‘iss triggers. The acceptance for events of the supersymmetry signal that have

EMSS > 200 GeV using the EI'S triggers is found to be > 98%.

8.2.1 Trigger efficiency

The lepton triggers are not yet fully efficient at the pr threshold mentioned in Table 8.4,
called the online pt threshold. Triggers have a turn-on curve in their efficiency before they
reach a plateau at which they are fully efficient. The turn-on curve of a trigger selecting on pr,
shows the efficiency of that trigger, with respect to the pt of the lowest pt lepton that fired
that trigger. In Figure 8.3 the turn-on curve for the single muon trigger, the tri-muon trigger
and the di-lepton triggers are shown. The efficiency for the 3u > 6 GeV trigger is lower,
60%, since higher multiplicity triggers are generally less efficient due to the multiplication of
the efficiency from each leg. All other triggers have a higher efficiency of 75%-90%. The
signals with a small Am (~ 10 GeV), besides having a low acceptance, typically rely on
higher lepton multiplicity triggers such as the 3y > 6 GeV trigger, and thus also have a low
efficiency from the trigger.

Since there is a relatively high systematic uncertainty on the trigger efficiency attached to

a lepton with a pr at the start of the turn-on curve, a pr cut is applied on top of the online

IThere are cases where limitations from the trigger on the leading and subleading lepton pr are higher than
10 GeV.

2The electron ID working point used for the analysis is medium, whilst the ID working point used by the
single electron trigger is tight.

3The trigger pr threshold is too high to be providing extra acceptance; 22, 8 and 8 GeV for the three leptons.
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Table 8.3: Summary of the included EI'S triggers.

Online pt threshold Year

miss
E T

EMiss > 70 GeV
ERiss > 90 GeV
EMs > 100 GeV
EMsS > 110 GeV
EMss > 110 GeV
EMsS > 110 GeV

2015
2016 A-D1
2016 D1-F1
2016 F2-H
2017
2018

Table 8.4: Summary of included lepton triggers. There is a difference in the pr threshold between
2015 and the years after. When in 2015 the LHC ran for the first time with 13 TeV, it started
with a relative low instantaneous luminosity, which was ramped up the years after. Due to the
higher instantaneous luminosity after 2015, trigger thresholds needed to be increased to maintain an
acceptable trigger rate, since the bandwidth stayed the same.

Online pt threshold Identification (ID) requirement  Year

1u

u>20GeV loose 2015
u>26 GevV medium 2016-2018
2u

2u > 10 GeV - 2015

2u > 14 GeV - 2016-2018
2e

2e > 12 GeV loose 2015

2e > 17 GeV loose 2016-2018
lely

e>17GeV, u>14 GeV loose 2015
e>17GeV, u > 14 GeV loose 2016-2018
3u

3u>6GeV - 2015-2018
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Fig. 8.2: Acceptance plotted as a function of the used triggers in the analysis. Distributions for
)Zli )Zg - Wz )Z? )Z? signals are presented, with mass values given as [m()Zli,m()Z?)] GeV. The trigger
acceptance found is 25% — 70% depending on the Am of the signals. The combination cuts for the
lepton and EIMS triggers demonstrated in Table 8.2 are not applied.

trigger pr threshold, called the offline pt cut. The pr cut applied on top of the online trigger
threshold is, +1.0 GeV for electrons, and +5% for muons. The offline pt cuts are shown in
Table 8.5 and a scheme combining single-, di- and tri-lepton triggers is shown in Figure 8.4.
If an event passes the online p threshold, but not the corresponding offline pr cut, it is not
considered to pass that trigger.

From the plots it can be seen that after the offline pt cut the muon triggers have reached
their plateau and are efficient, however the electrons have a longer turn-on. The difference
in turn-on with muons is not because reconstructing electrons is harder, there is just more
background when reconstructing electrons from the electromagnetic (EM) calorimeters as
opposed to reconstructing muons in the clean environment of the muon spectrometer (MS).
During online reconstruction, at the trigger level, there is not much time to reconstruct the
event, during offline reconstruction there is more time available. Due to the higher rate when

reconstructing electrons and due to the limited time available during online reconstruction,
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Fig. 8.3: Efficiencies showing the turn on for offline lepton pt using the WZ MC sample.



166 Optimisation of the signal search

the electrons have a longer turn-on. For the muon triggers the turn-on does not fully reach
the plateau with an efficiency of 100%. This is due to the L1 inefficiency. In the barrel of
the MS the RPCs do not have full coverage due to holes in each sector, which are mostly
structure-wise inevitable, causing an efficiency of around 70%. The muon L1 efficiency from
the TGCs is much higher, the efficiency at the plateau in the end-cap is around 90%. For
electrons the plateau efficiency is around 95%.

There is also a turn-on in the efficiency for the EI'S triggers. As can be seen in Table
8.3, the online threshold for the EITrliss triggers is below 200 GeV. The decision for the offline
threshold of E%‘iss > 200 GeV for the E%ﬁss triggers is driven by the turn-on in the efficiency

as well.

8.3 Prompt Lepton Veto

The Prompt Lepton Veto (PLV) is described in Section 5.4 and is applied as a type of isolation.
The PLV is used to reduce the amount of fake backgrounds that enter the analysis. The PLV
is applied to the 3 leading (in pr) lepton, which is at least 70% of the time the fake lepton
for a pt < 15 GeV in Z+jets/Z+7Y as can be seen in Figure 8.5(a). This is important since
at low pr the highest amount of fakes are expected. In Figure 8.5(b) it is shown that with
increasing m‘é}in it becomes more likely for the 3" lepton to be the fake for Z+jets/Z+y. The
reason is that real leptons are expected to be low pr in the low m?éi“ phase space due to the
off-shell Z. It then becomes more likely for the fake lepton, a photon or jet, to be higher in
pr. The performance of the PLV working points in the SRlow-0j SR, the low EMisS SR where
Z+jets/Z+7 is expected to be the largest background, is shown in Table 8.6. It can be seen
that the PLVLoose working point reduces the Z+jets/Z+7y fakes by 28%, while decreasing
the signal by only 3%. The PLVTight working point reduces the Z+jets/Z+Yy fakes by 50%,
while reducing the signal by 10%. The PLVTight working point is chosen to be used in the
analysis for its better Z+jets/Z+Y rejection, and is found to improve the final significance
described in Section 8.4.

Besides the 3™ leading lepton being the fake lepton most of the time, a second reason
for only applying the PLV to the 3" lepton is to avoid biasing the scale factor applied to the
PLV as derived in Section 5.4.1. The scale factor from the PLV can be biased when also a
trigger scale factor, scaling MC to data, is applied, if that trigger for example also contains
an isolation requirement on the lepton. As mentioned the leading and subleading leptons
fire the single and di-lepton triggers, and only in case of the 3u > 6 GeV trigger the 3™
leading lepton is able to fire the trigger, thus causing a potential bias to the PLV scale factor.

However, in past studies in the 7#H multi-lepton final state [190], the PLV is shown to have
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Table 8.5: Summary of offline pr cut for the 2016 lepton triggers included in the analysis.

Trigger \ P GeVl pPIGeV]l pPGeV]

1 >273 - -
2e > 18 > 18 -
lelu > 18 (e) > 14.7 (u) -
2u > 14.7 > 147 -
3u > 6.5 > 6.5 > 6.5
Q : U= :
{ : 2e = :
| | lelu
18 F------- e e 3
| 147 F------- JesEmemEEEem——
18 pf [GeV] 18 P [GeV]
(a) (b)
i 3T
Qp : : U= : :
Y | I S | |
llel,u : o
I VT T
18------ ——— | } }
| | 14.7 f------ SRRt ;
| | IR
: : (fB3=p&lpr>65 |
1477273 ptl [GeV] 147 273 pll [GeV]
(0 (d)

Fig. 8.4: The lepton trigger selection and offline lepton pr cut causes different thresholds per case of
lepton multiplicity. The pt thresholds are shown for (a) the e/e case, (b) the e/u case, (c) the u/e case
and (d) the u/u case.
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Fig. 8.5: Fraction of events in which leading, subleading or 3" leading lepton is the fake as a function
of (a) péf and (b) m%“, before applying the PLV. The preselection cuts include a b-jet veto and lepton
pt > 10 GeV. The distributions are obtained from Z+jets/Z+y MC simulations generated using Sherpa
2.2.1.

no correlation with the muon triggers without isolation requirement. In case of the 3u > 6
GeV trigger there is no isolation requirement and thus no bias with respect to the PLV scale
factor is expected. Since in our trigger strategy electron triggers are always matched with the
leading and subleading lepton, and only muon triggers without an isolation requirement are
used for the 3™ leading lepton, the bias on the PLV scale factor is avoided.

8.4 Signal regions

Signal regions (SRs) are defined by cuts on kinematic variables, such as the invariant mass
of the leptons. The SRs are designed in such a way that they select the process from the
Feynman diagram shown in Figure 6.1. Optimisation is performed for the )Zli / )Zg and )Z?
points which make up the signal grid shown in Figure 8.1. SRs are optimised by how many
standard deviations the expected observation of the signal would be away from the SM
background-only hypothesis. The number of standard deviations away from the background-
only hypothesis is given by the significance, called the Zn. For signal points with Zn =5
there is sensitivity to discover the signal, if it is present in the data. For signal points with
Zn = 1.64 the signal can be excluded at 95% confidence level (CL), if it is not present in the
data.

For the optimisation procedure, Zn is calculated starting from a likelihood consisting of

two poisson distributions where a 30% flat (i.e. constant) systematic uncertainty is assumed
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Table 8.6: Expected yields in the SRlow-0j SR in 139 fb~! when applying different PLV working
points. The PLVLoose working point reduces the Z+jets/Z+7 fakes by 28%, while it reduces the signal
by only 3%. The PLVTight working point reduces the Z+jets/Z+7y fakes by 50%, while reducing the
signal by 10%. Only statistical uncertainties are included.

| sample | SRlow-0j | purity | SRlow-0j PLVLoose | purity | SRlow-0j PLVTight | purity |
\\V4 333.3+£52 | 12% | 322.0+5.2 13% | 294.7+5.0 14%
77 1404 £ 15 49% | 1352+15 54% | 1190+ 14 58%
Fakes MC 1070+ 180 | 37% | 770+ 160 31% | 5404+ 140 26%
tf 409+1.4 1% | 18.6+0.9 1% 13.1£0.8 1%
tr X 2.74+0.1 0% |2.440.1 0% |2.1£0.1 0%
Others 26.5+1.7 1% 16.7+1.1 1% 14.1+1.0 1%
Total bg predicted | 2880+£180 - 24804160 - 20604140 -
125,110 [Am=15] | 15.8+1.3 1% 153+1.3 1% 14.6+1.3 1%
125,100 [Am=25] | 183.0£53 | 6% | 177.9+5.3 7% | 160.5+5.0 8%
140,100 [Am=40] | 351.1+£6.5 | 12% | 3389+6.4 14% | 308.5+6.1 15%
150,60 [Am=90] 57.5+2.3 2% | 56.0+2.3 2% | 53.7+2.2 3%

on the background,

L(S,B) :P(nSR|S—|—b)~P(I’LCR|b-T(: 30%)), (8.1)

where s is the expected number of signal events, b is the expected number of background
events and 7 is the flat systematic uncertainty. From a likelihood of two poisson distributions
a p-value can be calculated analytically, which is converted into a Zn.

The signal region phase space is divided into four parts as previously shown in Table 6.2,
SRlow-0j, SRlow-nj, SRhigh-0j and SRhigh-nj. SRlow-0j corresponds to N0, %V = 0 and
EMss < 50 GeV, and SRlow-nj corresponds to N29.G¢V > [ and EINis < 200 GeV, SRhigh-0j

jets

corresponds to J\Tji?sGeV =0 and EITniSS > 50 GeV and SRhigh-nj corresponds to J\Tji?SGeV >1

and EMS > 200 GeV.

The first step in the signal selection is to select an off-shell Z. Since the leptonic decay
of a Z is to an opposite-sign same-flavour (OSSF) pair, OSSF leptons are assigned to the
Z boson. In case there are two OSSF pairs in the event there are multiple ways to assign
the leptons to the Z. As explained in Section 6.3 the invariant mass of the OSSF lepton pair
closest to my is called myy, m?’gi“ minimises the invariant mass of the OSSF lepton pair and
my,;™ maximises the invariant mass of the OSSF lepton pair. After two leptons have been
assigned to the Z boson, the remaining lepton is assigned to the W boson. The transverse
mass of the W boson reconstructed with the W-lepton assigned according to my, and m%n

are labeled mt and m?i“m“ respectively.
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Table 8.7: Binning in my;
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Fig. 8.6: (a) The distribution of m;}i“ for different signal samples after applying preselection cuts. The
SRs are binned in mj}" in order to target different Am points in the signal grid. (b) The distribution of
190 for different signal samples after applying preselection cuts. The signals also have a kinematic

mry
edge in m%go which can also be used in order to target different Am points.

The first event selection cuts are to select an off-shell Z and to reduce the background

that comes from 7. These cuts are used throughout the whole analysis:

* at least 1 opposite-sign same-flavour (OSSF) lepton pair to select the Z.

. Ngge?sev = (0 to reduce #f contamination.
. mZ}i“ < 75 GeV to select off-shell Z events.

e my™* <75 GeV to reduce on-shell Z contamination from WZ background.

* veto m%“ in the intervals [3,3.2] and [9,12] GeV to remove the J/y and Y resonances.
In order to create specific SRs that target different mass difference (Am) My 179 — Mg
points from the signal grid a discriminating variable needs to be found for the Am points.
The variable m‘é}in is found to be most accurate in reconstructing the Z boson in the signal

process. The signal has a kinematic edge at m‘énein = Mges 50 —Migo as shown in Figure 8.6.

to target the points in the signal grid

The SR phase space is further split into regions of m}“}“,

with a specific Am. The m%“ regions are defined in Table 8.7.
Each of the defined SRs will have a different background composition, so in each SR

the background needs to be reduced to optimise the Zn for the signal in that region. In the
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low EITniss SRs, SRlow-0j and SRlow-nj, the Z+jets background will be dominant, whereas in
the high E%‘iss SRs, SRhigh-0j and SRhigh-nj, WZ and ¢ will be dominant. For this reason
different strategies have been undertaken to optimise the low and high E%‘iss SRs. After the
divisions in bins of Nji?sGeV, %‘iss and mzngi“ as described in Table 6.2 and 8.7, each of the
SRs is further optimised using the following additional discriminating variables described in
Section 6.3.

8.4.1 SRlow signal regions

The SRlow regions are optimised in a similar way since they share a common background
composition, where the Z+jets background is dominant. There are two main changes with

respect to the strategy of defining the SRs described in the Section 8.4:

. m?éi“ region a, where m%“ € 10,12], is dropped because of low trigger acceptance and

due to large backgrounds from the J/y and Y resonances.

« mJ" regions f and g are split into low m"™!! < 60 GeV regions, f1 and g1, and high
m?inmn > 90 GeV regions, {2 and g2, in order to be able to design the WZ validation
regions as described in Section 9.1.

The cuts for the low EITIliSS SRs, both SRlow-0j and SRlow-nj, for all the m‘l}}in regions
are summarised in Table 8.8. Additional ms, and min AR cuts are included in the channel
where an electron is the fake candidate (e*e~e™ or T ~e™) to reduce electron fakes due to
photon-conversion. The cuts are applied in order to match the fake composition in the Z+jets
estimation described in Section 7.2.3, where minAR € [0.6,2.4] and |m3; — mz| > 20 GeV.

* A cut on lepton pr is applied to reduce the fake Z+jets background as illustrated in
Figure 8.7.

* A cut on m%li“m” is applied to reduce on-shell WZ background. m%linmu is the W
reconstructed transverse mass, where the W-lepton is assigned according to m%“. As
shown in Figure 8.8 the cuts on m?i“m”

the Zn.

are applied in such a way to maximally increase

* A cut on E%“iss significance is applied to reduce the fake Z+jets background. The
E%‘iss significance variable indicates the degree to which E%‘iss corresponds to an actual
particle escaping the detector as described in Section 5.5.2. As shown in Figure 8.9

E%liss significance reduces the Z+jets background.
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Table 8.8: Signal region definitions for SRlow-0j and SRlow-nj, with SRlow-0j corresponding to
N3VGV — 0 and EF® < 50 GeV and SRlow-nj corresponding to N296V > 1 and EFss < 200 GeV.

jets

jets

m‘g}in my;™ m%%o lepton pt m?i“m” E‘Tniss significance p]Tepw“S /E}niSS minAR  ms3y

[GeV] [GeV] [GeV] [GeV] [GeV] [GeV]
SRlow-0jb [12,15] <60 <115 all3>10 <50 >1.5 <1.1 <1.6 -
SRlow-0jc  [15,20] <60 <120 all3>10 <50 >1.5 <1.1 <1.6 -
SRlow-0jd  [20,30] <60 <130 all3>10 <50 >1.5 <1.1 <1.6 -
SRlow-0je [30,40] <60 - all3>10 <60 >1.5 <13 - -
SRlow-0jf1 [40,60] <75 - all3 > 15 <60 >1.5 <14 - >100
SRlow-0jf2 [40,60] <75 - all3>15  >90 >1.5 <14 - >100
SRlow-0jgl [60,75] <75 - all3>15 <60 >1.5 <14 - >100
SRlow-0jg2 [60,75] <75 - all3>15  >90 >1.5 <14 - >100
SRlow-njb [12,15] <60 <115 all3>10 <50 >3 <1.0 <1.6 -
SRlow-njc [15,20] <60 <120 all3>10 <50 >3 <1.0 <1.6 -
SRlow-njd [20,30] <60 <130 all3>10 <50 >3 <1.0 <1.6 -
SRlow-nje [30,40] <60 - all3>10 <60 >3 <1.0 - -
SRlow-njfl [40,60] <75 - all3>15 <60 >3 <12 - -
SRlow-njf2 [40,60] <75 - all3>15  >90 >3 <1.2 - -
SRlow-njgl [60,75] <75 - all3>15 <60 >3 <1.2 - -
SRlow-njg2 [60,75] <75 - all3>15  >90 >3 <12 - -

* A cut on m3y is applied to reduce the ZZ background. As shown in Figure 8.10

for SRlow-0jf1 and SRlow-0jg1 there is a ZZ peak around m3, ~ 90 GeV. The peak
around my in msy is the contribution of Z — ¢/, where a ¢ emits a virtual Z, which
decays to £¢. A cut is applied requiring m3, > 100 GeV to remove the ZZ peak and

improve the Zn.

A cut on min AR is applied to reduce the fake Z+jets background. The variable min AR
is the minimum AR between all OSSF lepton pairs in the event. Leptons from Z are
expected to be close together and are expected to have the smallest AR of the OSSF
leptons. As shown in Figure 8.11 a cut on min AR improves the Zn.

A cut on piP" /Emiss ig applied to select the signal. The variable plP'®" /Emiss

contains the ratio of the vector sum pr of the lepton system and the EITniSS, and is applied
to SRlow-0j and SRlow-nj. This variable shows to have discrimination between signal
and background in the SRhigh-nj region, as it can be interpreted as the fraction of
E%‘iss coming from ISR. However, also in the SRlow-0j and SRlow-nj it is found to be
discriminating between signal and background. The cuts placed on pP'®™ /EMiss are
shown in Figure 8.12.

After having illustrated that the cuts for SRlow-0j and SRlow-nj improve the Zn of the

signal in each region individually, the combination of the 16 SRlow SRs will determine

the total significance of the search in the lower E%liss region. An estimate of the expected
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Fig. 8.7: Distributions of the pf}’ for (a) SRlow-0jf1, (b) SRlow-0jgl, (¢) SRlow-njfl and (d)
SRlow-njgl. A cut on lepton pr is applied to reduce the fake Z+jets background. A cut on lep-
ton pr > 10 GeV is applied for the m‘g}in < 40 GeV regions (SRlow-0jb —SRIlow-0je) and a cut
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GeV. In the bottom panel the Zn for the signals is calculated using a 30% flat systematic uncertainty.
In the Zn calculation a lowercut integrates the yields from right to left, and an uppercut integrates the

yields from left to right.
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Fig. 8.8: Distributions of the mP"™!! for (a) SRlow-Ojc, (b) SRlow-0jd, (¢) SRlow-0Oje and (d)
SRlow-0jf1. In the distribution for SRlow-0jfl a cut on m™"™! > 90 GeV is placed to create the
SRlow-0jf2 region. The mT"™! distribution is expected to have an edge around the W mass at 80
GeV for the on-shell WZ background, so applying an upper cut below m®"™! ~ 80 GeV will reduce
the on-shell WZ background. Also this cut will select the off-shell W expected from the signal. More
explanation of the figure is given in the caption of Figure 8.7.
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Fig. 8.9: Distributions of the E%‘iss significance for (a) SRIow-0jc, (b) SRlow-0jd, (¢) SRlow-njc and
(d) SRlow-njd. Z+jets is a background which is expected to have fake EM*, since a jet or photon
may be inaccurately reconstructed as a lepton. The largest part of fake E%‘iss, up to E%‘iss <20 GeV
(Ess significance = 2 corresponds to EMi = 20 GeV), is mainly due to jet energy resolution and

the soft unreconstructed jets that are only counted partially as track soft-term. At higher Et

Tuss “above

20 GeV, the tail is due to either the missing jets (out-of-acceptance, or removed in overlap removal) or
the real ET"** from heavy flavour decays. More explanation of the figure is given in the caption of

Figure 8.7.
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Fig. 8.10: Distributions of the m3, for (a) SRlow-0jf1 and (b) SRlow-0jgl. As can be seen there is
a ZZ peak around m3, ~ 90 GeV. A cut is applied requiring m3, > 100 GeV to remove the ZZ peak.
More explanation of the figure is given in the caption of Figure 8.7.
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Fig. 8.11: Distributions of the min AR for (a) SRlow-0jc and (b) SRlow-0jd. For the low Am signals
the AR between the OSSF leptons is expected to be small. The low Am signals correspond to the low

min regions.

For this reason a cut of minAR < 1.6 is applied to the lower my; min < 30 GeV regions.

More explanation of the figure is given in the caption of Figure 8.7.
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Fig. 8.12: Distributions of the pl{fp tons / E%‘iss for (a) SRlow-njc, (b) SRlow-nje, (¢) SRlow-njfl and (d)
SRlow-njg1. The variable pP°" /EMiss in the SRlow-0j and SRlow-nj is found to be discriminating
between signal and background. More explanation of the figure is given in the caption of Figure 8.7.
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significance can be calculated by quadratically adding the significances Zn from all the SRs

for each signal point, such that

o) = \/Zn(SRlow—Ojb)2 +...+Zn(SRlow-njg2)2. (8.2)

The yields and Zny, for the SRlow-0j regions are shown for a few selected Am signal points
in Table 8.9 and for the SRlow-nj regions in Table 8.10. A projection of the low E%‘iss SRs
signal significance with the assumption of a 30% flat systematic uncertainty is presented in
Figure 8.13.
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Fig. 8.13: Significance for the SRlow regions after adding the significances for the 16 individual
SRlow regions in quadrature A 30% flat systematic uncertainty is applied. The dashed line indicates
the region where My 70 —Myo <Mz and m+ g Mg > 0 GeV. The grey shade shows the previous
exclusion limits W1th the ATLAS experlment correspondlng to the off-shell and on-shell WZ Run-1
result using 20.3 fb~! at /s = 8 TeV [186].
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8.4.2 SRhigh signal regions

In analogy with the SRlow, the SRhigh regions are optimised for the best Zn. The SRhigh
regions are optimised in a similar way since they share a common background composition,
where the WZ and tf background are dominant. There are two main changes with respect to
the global strategy of defining the SRs described in Section 8.4:

* The region SRhigh-Oja, where my;™ € [0,12], is dropped due to backgrounds from the
J/y and Y resonances. In SRhigh-nja this background is negligible so the region is
maintained.

* The regions SRhigh-0jf and SRhigh-0jg are split into low m?i“m“ < 60 GeV regions,
SRhigh-0jf1 and SRhigh-0jg1, and high mT"™! > 90 GeV regions, SRhigh-0jf2 and

minmll

SRhigh-0jg2. The SRhigh-nj regions are inclusive in my

The cuts for the high ERs® SRs are summarised in Table 8.11, for all the m%“ regions of
both SRhigh-0j and SRhigh-nj.

minmll

* A cut on my is applied to reduce on-shell WZ background in the SRhigh-0;j

minmll

regions. The cut on m7 is not applied in the SRhigh-nj regions as it was found to

be ineffective at reducing the WZ background. As shown in Figure 8.14 for SRhigh-0j,

minmll

the cuts are applied on m7 in such a way to maximally increase the Zn.

Table 8.11: Signal region definitions for SRhigh-0j and SRhigh-nj. With SRhigh-0j corresponding to
NGV — 0 and E‘TniSS > 50 GeV and SRhigh-nj corresponding to N0 GV > 1 and E%‘iss > 200 GeV.

jets jets

leptons

m?éi“ myx mlT%O lepton pr m%i“m“ E‘TniSS significance  p / E%‘iss

[GeV] [GeV] [GeV] [GeV] [GeV]
SRhigh-0jb [12,15] <75 <115 >25,15,10 <50 >3 -
SRhigh-0jc  [15,20] <75 <120 >25,15,10 <50 >3 -
SRhigh-0jd [20,30] <75 <130 >25,15,10 <60 >3 -
SRhigh-0je [30,40] <75 <140 >25,15,10 <60 >3 -
SRhigh-0jf1 [40,60] <75 <160 >25,15,10 <70 >3 -
SRhigh-0jf2 [40,60] <75 <160 >25,15,10 >90 >3 -
SRhigh-0jgl [60,75] <75 <175 >25,15,10 <70 >3 -
SRhigh-0jg2 [60,75] <75 <175 >25,15,10 >90 >3 -
SRhigh-nja [1,12] <75 <110 all 3 e(u)>4.5(3.0) - >3 <0.2
SRhigh-njb  [12,15] <75 <115 all 3 e(u)>4.5(3.0) - >3 <0.2
SRhigh-nje [15,20] <75 <120 all3e(u)>4.5(3.0) - >3 <0.3
SRhigh-njd [20,30] <75 <130 all3e(u)>4.5(3.0) - >3 <0.3
SRhigh-nje [30,40] <75 <140 all3e(u)>4.5(3.0) - >3 <0.3
SRhigh-njf [40,60] <75 <160 all3e(u)>4.5(3.0) - >3 <1.0
SRhigh-njg [60,75] <75 <175 all3e(u)>4.5(3.0) - >3 <1.0
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* Acuton plfptons JESS is applied to select the signal. The variable provides signal-to-

background discrimination which improves for smaller Am in the signals. The cuts
leptons

placed on py" ™ /EMSS for SRhigh-nj are shown in Figure 8.15.

* Acuton m%%o as described in Section 6.3 is applied to select the signal. As shown in

Figure 8.6(b) m%%o gives a sharp cut-off for the supersymmetry signals. The kinematic
edge from mngO can be optimised by choosing a corresponding cut in each m?‘gi“

bin, creating a double kinematic edge. This variable is shown for each m%i“ bin for

SRhigh-nj in Figure 8.16.



182 Optimisation of the signal search

> VVVV‘VVVV[VVVV[VVVV‘VVVV‘VVVV‘VVVV[VVVV‘VVVV‘VVVV > VVV‘VVV‘VVV‘VVV[VVV‘VVV[VVV‘V
& 10°c (s=13Tev, 1391 mwz  [Fakes 8 Vs=13TeV,139fb" @@wz  [DFakes
© F SRhigh-0fi1 aéfhers gg+x © 10° = SRhigh-0jf2 B(Z)fhers 8{§+X
@ 1075 29w o [150,80] - [200,130] @ £ wakR - [150,80] -- [200,130]
g Simulation [150,90] [200,140] 5 102 Simulation [150,90] [200,140]
Lﬁ 102 9 Bkg. Uncert. Lﬁ 9Bkg. Uncert.
10 L et
1 :
1072
= = 6 f :
2 @ —> Lowercut
%) n 4 G :
X X L T
S S 2bmmmeees s S
8 I R W S B WS B 8, Ol v v b T A
S 0O 10 20 30 40 50 60 70 80 90 100 S 0 20 40 60 80 100 120 140
m_r?_'nnmll [GeV] m?mmll [GeV]
(a) (b)
> 104vvvv[vvvv‘vvvv[vvvv‘vvvv[vvvv‘vvvv[vvvv‘vvvv[vvvv > L L L L L I L N ) L B B B
3 (s=13Tev,139fb" m@mwz  [JFakes 3 (s=13Tev,139 " m@@wz [JFakes
. . tt . . tt
© L SRhigh-ojg1 5éfhers Em © 10° = SRhigh-0jg2 Eéfhers Em
2 KR - w2k <+ [150,70] == [200,120] @ K -~ waki <-+[150,70] == [200,120]
g Simulation [150,60] [200,110] % 102 Simulation [150,60] [200,110]
> 102 3 Bkg. Uncert. > £JBkg. Uncert.
L . [¥H}
10
-...E”‘;E‘... —
10t I 3
BT g E Tnallunnnllnn ool loonnlnnnn o]
= (o) S A R A RS R SR R RSN RS A =
23 Uppeici 2
%) 4 e ERTTAPTTTT LLL g
S I A, . S ‘ ‘
€ 9 P DAL I 2T 0 A AT I ol e P ]
N 0O 10 20 30 40 50 60 70 80 90 100 S 0 20 40 60 80 100 120 140
m_rrmnmll [GeV] m[rmnmll [GeV]
(© (d)

Fig. 8.14: Distributions of the m?i“mu for (a) SRhigh-0jf1, (b) SRhigh-0jt2, (¢) SRhigh-0jg1 and (d)
SRhigh-0jg2. The split into low mi"™! < 60 GeV regions, SRhigh-0jf1 and SRhigh-0jg1, and high
miinmll > 90 GeV regions, SRhigh-0jf2 and SRhigh-0jg2 is shown. More explanation of the figure is
given in the caption of Figure 8.7.
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Fig. 8.15: Distributions of the plfptons /E‘Tniss for (a) SRhigh-nja, (b) SRhigh-njb, (¢) SRhigh-njc, (d)
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in the caption of Figure 8.7.
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seen. More explanation of the figure is given in the caption of Figure 8.7.
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Again the combination of the 15 SRhigh individual SRs will determine the total signifi-
cance of the search in the higher I region, such that

ZNiora] = \/Zn(SRhigh—Ojb)2 + ...+ Zn(SRhigh-njg)2. (8.3)

The yields and Zny, for the SRhigh-0j regions are captured for a few selected Am signal
points in Table 8.12 and for the SRhigh-nj regions in Table 8.13. A projection of the high
EITniSS SRs signal significance with the assumption of a 30% flat systematic uncertainty is
shown in Figure 8.17.
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Fig. 8.17: Significance for the SRhigh regions after adding all the significances for the 15 regions in
SRhigh regions in quadrature A 30% flat systematic uncertainty is applied. The dashed line indicates
the region where My 70 —Myo <Mz and m+ =g Mg > 0 GeV. The grey shade shows the previous
exclusion limits w1th the ATLAS experlment correspondlng to the off-shell and on-shell WZ Run-1
result using 20.3 fb~! at /s = 8 TeV [186].
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Fig. 8.18: Significance for the SRlow and SRhigh regions after adding the significances for the 16
SRlow regions and 15 SRhigh regions in quadrature A 30% flat systematic uncertainty is applied.
The dashed line indicates the region where Mys 70 — Mgy < Mz and m = =g — Mo > 0 GeV. The grey
shade shows the previous exclusion limits W1th the ATLAS experlment correspondlng to the off-shell
and on-shell WZ Run-1 result using 20.3 fb~! at /s = 8 TeV [186].

8.4.3 Combination of the SRlow and SRhigh signal regions

After having illustrated the significance for for SRlow in Figure 8.13 and for SRhigh in
Figure 8.17 individually, an estimate of the total expected significance from both sets of SRs
can be calculated. Again this is done by quadratically adding the significances Zn from all
the SRs for each signal point, such that

VA TRES \/Zn(SRlow—Ojb)2 +...+Zn(SRlow-njg2)?2 + SRhigh-0jb)2 + ... + Zn(SRhigh-njg2)2.

(8.4)
A projection of the combination of the SRIow and SRhigh SRs signal significance with the

assumption of a 30% flat systematic uncertainty is presented in Figure 8.18.
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8.5 Model-independent discovery regions

The SRs described in Section 8.4 have been optimised for the studied supersymmetry model
points. By optimising on the selected model points the search is made model dependent.
However, besides the selected model there may be many more beyond-the-Standard-Model
(BSM) theories that could provide a signal. There is a possibility that these other BSM
theories show similar signatures in the detector as the Feynman diagram shown in Figure
6.1 in the studied region of )Zli / )Zg and )Z? masses. In order to obtain more sensitivity to
different BSM models, model-independent SRs have been defined from a combination of
the SRs defined in the previous section. At the same time it has been verified that with the
model-independent discovery regions it is still possible to discover the targeted simplified
supersymmetry models.

A BSM signal different from the studied supersymmetry models might have a different

signal width or shape in m?}i“. In the model-independent case it is thus unknown how broad

a signal will be in m?(}i”. For this reason a combination of the different m%i“ regions has
been made to give sensitivity to more BSM scenarios. The existing m?éin regions have been
combined to recover sensitivity for the other BSM signals that might be spread over multiple
neighbouring mﬁin regions. The choice is made for a combination of existing SRs and not to
tighten or loosen the kinematic selections described in Section 8.4.

The strategy for the combination of existing signal regions to form discovery regions is

described in Table 8.14. A few choices are made when combining the existing SRs:

min

* The my;" shape of the signal is not expected to depend on N; 30 GeV

ets 2 for this reason the

0j regions have been added to their respective nj regions.

* SRlow and SRhigh regions are kept separate in the low m%“ < 20 GeV regions, but
are added together for the m‘[}}i“ > 20 GeV regions. This is done because the sensitivity
for the targeted simplified supersymmetry models decreases when adding the SRlow

and SRhigh regions for low m‘g}}n <20 GeV.

* The best sensitivity to models with a small Am is from the SRhigh-nj regions where

mznzin < 20 GeV; as a consequence these regions are kept.

The yields for the discovery regions are shown in Table 8.15 and 8.16.
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Table 8.14: Model-independent discovery regions definitions.

min

Name my; Regions

disc-SRhigh-nJa  [1,12]  SRhigh-nja

disc-SRhigh-nJb  [12,15] SRhigh-njb

disc-SRhigh-nJc1 [1,20]  SRhigh-nja, SRhigh-njb, SRhigh-njc

disc-SRhigh-nJc2 [15,20] SRhigh-njc

disc-SRlow-b [12,15] SRlow-(0jb,njb)

disc-SRhigh-b [12,15] SRhigh-(0jb,njb)

disc-SRlow-c [12,20] SRlow-(0jb,njb,0jc,njc)

disc-SRhigh-c [12,20] SRhigh-(0jb,njb,0jc,njc)
SRlow-(0jb,njb,0jc,njc,0jd,njd),

disc-SR-d [12,30] (0jb.njb.Oje.nje.Ojd.njd)
SRhigh-(0jb,njb,0jc,njc,0jd,njd)
SRlow-(0jb,njb,0jc,njc,0jd,njd,0je,nje),

disc-SR-el [12,40] (Ogb.njb.Ojc.nje,0jdnid,Oje.nje)
SRhigh-(0jb,njb,0jc,njc,0jd,njd,0je,nje)
SRlow-(0jc,njc,0jd,njd,0je,nje),

disc-SR-¢2 [20.40] (Oc.nje.Ojd.nid Oje.nje)
SRhigh-(0jc,njc,0jd,njd,0je,nje)
SRlow-(0jb,njb,0jc,njc,0jd,njd,0je,nje,0jf1,njf1,0jf2,njf2),

disc.SR£1 [12.60] (0jb.njb,0jc.nje,0jd,njd,Oje,nje, 0jf 1,njf1,0jf2.njf2)
SRhigh-(0jb,njb,0jc,njc,0jd,njd,0je,nje,0jf1,0jf2,njf)
SRlow-(0je,nje,0jf1,njf1,0jf2,njf2),

disc-SR-2 [30,60] (Ojemje O3t njfL 0jf2.njt2)
SRhigh-(0je,nje,0jf1,0jf2,njf)
SRlow-(0jb,njb,0jc,njc,0jd,njd,0je,nje,0jf1,njf1,0jf2,njf2,0jg1,njg1,0jg2,njg2),

disc-SR-g1 (12.75] (Ojb.njb,0jc,njc,0jd,njd,0je,nje,0jf1,njf1,0j£2,njf2,0jg1,njg1,0jg2,njg2)
SRhigh-(0jb,njb,0jc,njc,0jd,njd,0je,nje,0jf1,0jf2,njf,0jg1,0jg2,njg)
SRlow-(0je,nje,0jf1,njf1,0jf2,njf2,0jg1.njg1,0jg2,njg2),

disc-SR-g2 (30.75] (Oje,nje,0f1,njf1,0j2,njf2,0jg1,njg 1,0jg2.njg2)
SRhigh-(0je,nje,0jf1,0jf2,njf,0jg1,0jg2,njg)
SRlow-(0jf1,njf1,0jf2,njf2,0jg1,njg1,0jg2,njg2),

disc-SR-g3 40.75] (03f1,njf1,0j£2.njf2,0jg1.njg1,0jg2.njg2)
SRhigh-(0jf1,0jf2,njf,0jg1,0j22,njg)
SRlow-(0jg1,njg1,0jg2,njg2),

disc-SR-g4 [60,75] (Ojgl.nigl.Ojg2.nig2)

SRhigh-(0jg1,0j¢2.njg)




Optimisation of the signal search

69T €1 760 90 050 920 000 000 - 000 |  (ss %0¢) uz
BOL | STTVS6 | BES | LETFUIST | %8 | SETSLSI | %LT | $EF0TII STTHT9 | vl | 9TF999 ITT801 | %¢ IIT601 | %T | 090F6It | [06=AP] 09°0S1
000 000 o1’ Wl vo'1 23 18°C e - €0 | (shs %0¢) uz
%0 | 9TOFLTO| %I | ¥WOFLST| %by | 6vFTT8I | BLS | LOFOSEE | %99 | 6FF6I8T | BEL | LOTFY'SEE | %OTI | 99F6LTE | %80T | 9OFI'LEE | %8 | SHFS9ST | [0v=INP] 00T OVT
000 000 000 90 000 80 0T wri| - 90T | (15s %0¢) uz
000000 00'0F 000 000F000 | %LT | €STT6SI 000F000 | %SE | €STT6SI | %8F | STTEIET | %IS | €STT6SI | %58 | €SFT6ST | [ST=NP] 001'STI
000 000 000 000 000 000 000 00| - LU0 | (shs %0¢) uz
%0 | 000F000 000F000 | %0 |000F000| %b | STFSIC 000F000 | %S | STFSTT| %0 | TE€OFSLO| %L STFSTT | %el | STFSTIT | [ST=WPl OTT'STI

| - | reFsoct 7 - 7 9SF098CT | - | 89FHIIP| - | €8F6L6S 7 - 7 LSs¥Lye| - | veFrior ] - | osFrwe| - | rowstie| - | LvFrost | TeI0L, |
%9 | T90F6oL| %L |060F0S6T | %9 | TTFOVC| %S | c1Fver| %9 |s80F6891 | %S | UIFSIC| %e | 680Fev6| %e | 160F696| %Tr | €LOFIOP S1YI0
BT | TUOTLET| %T | SIOFTSS| %T |0TOFVH9 | %I | 1TOTITL| %I | 9UOFLOY| %I |8TOF¥8H | %1 | IIOFIOL| %I | 110F69T | %0 |800T9L0 X1
BET | T6OFSLLT | %ST | VIFLTY | %Tl | STFO0S | %6 | LTF9OS | %Tl | TIFSTE| %8 | VIFSSE| %S | T6OFOSEI | %y | 60FI6EI | %E | SU0F96'S u
%9 €TTHS | %9 SETSLI | %ST | SHTTI9| BT | TOFUOWL | %61 | THTLTS | %0E | SSTLLEL | %6E | 9vT8901 | %Iy | 6vTHSTl | %9% | 6€T0SS saye
%8 UTFLOT | %8 LIFSET| %el | €TFU6Y | %ET | STFLLL| %YI | OTFVSE | %ST | STFOLY | %LI | OTFYLY | BLI | TTFTHS | %ST | STFOST 7z
%99 | STTS6S | BT | SETFULLI | %ES | €TO6IT | %Ly | THTUIST | DLy | 6TTFS6TI | %Iy | SETEI6I | %E | €TTF6E6 | %EE | vTTOHOI | %EE | $TTFII9 M

| fund | p5-gs-ostp | Amnd | ¢8-ys-os1p | Amnd | g8-ys-ostp | Awmd | [5-gs-osip | Kmnd | gg-ys-osip | Awnd | j-gs-osip | Kwnd | ge-ys-osip | Amand | po-ys-osip | Kwnd | p-ys-osip | arduwes |

‘pardde s1 Ayureirooun oneUIASAS 1B % ()€ B UOIIB[NO[RD
uZ 9y} 10 ‘POPNOUI dIe SANUILIIAOUN [INSTIE)S A[UQ *|_qF 6] Ul suor3ar A10A00s1p Juspuadopur-[opow ay) 10§ SPIAIA pajoadxy :91°§ d[qe],

190

- 000 - 000 - 000 - 000 - 000 - 000 - 000 - 000 (1s4s 90¢) Uz
%E 9I'0F€L0 | Bl LI'OF¥90 | %P CroFCIo| %0 000F000 | %0 000F000 | %0 000F000 | %0 000F000 | %0 00'0F000 | [06=IAP] 09°0ST
- T - 690 - 680 - 1€°0 - 891 - 601 - S0 - LT°0 (1s4s 9%0¢) uz
%9¢1 P'1F8TI | %0OE 6'1FTLT | V8 LSOF8YT | %81 16°0F 99 | %E81 q0FILE | BS9 OTFI19| %T8 O 0FSIT | %0T Sy'0FcT 1 | [ov=INP] 00T 0%1
- 76’y - L9°L - £€8'C - LI'L - 6¢°S - 0Ty - 00'¢ - 171 (1s4s 90¢) Uz
%6SE STFYEE | BOL TEFLTY | %BSLT CLFT8 | %S 8 1FT6l | %SSL L'TFSSI | %68C V'CTFVLT | %6TY LFL9 | %9 TIF8S | [ST=IP] 001°STT
- L8] - 81°0 - vee - 19°0 - 100 - 6Tt - STy - 68°¢ (1s4s %0¢) uz
BITT CTFES01 | %Tl CTFOTL | %9EE C1F001 | %0E CTFLOI | %eT 9T 0F 970 | %86CT 1'CFT8C | %LI99 C1FV¥6 | %SOE 9 TF¢8I | [ST=INPIOTT'STI
- I'ltF++'6 - TEFT68 - CLOFLOT - TTFTIE - 8S°0F90°C - IFS6 - ESOFI¥L - 16'0F+86°S [®10L
%8 6CT0FCSLO | Bl EI0FIr0 | %8 61'0F€T0 | %0 200F€00 | %L SOOFVLO | BV 0CT0FO0r0 | %SI 61'0FCT0 | »l 200F+0°0 SO
Bl 200F900 | %0 YO0F91'0 | %I 1000F200 | %0 €0°0F90°0 | %l 00F€00 | %CT SO'0FO0TO | %l 100F200 | %€ Y0'0F91°0 XH
BEL €C0F9T1 %1 LI'OFE90 | %9 IT0F610| %I 0I'0FTC0O | %6T LTOF090 | BYl IVOF¥el | %01 60°0F+1°0 | %01 6C0F090 E
WbTE 98°0F66'C | %CS STFESO | %ev 9GS 0FLTT | %99S STFE0CT| %0 6'0F 100 | %0T I'TF6'T | %eE 8Y'0OFLYO | %YC 180F¢cr'1 soyeq
%6 9€°0F €80 | %L1 T'TF8vL | BLI SCOF6V0 | BLI SR0OFCE9 | %l 1000F200 | %l 1000F800 | %l 000F 100 | %I 1000F 500 77
%8E 6€0F¥SE | %0OE TLFLIT | %9T 91'0F9L°0 | %9C €LOFO0E6 | BI9 CI0F9T1 | %8S 1€0F€SS | »BOY 60'0F950 | %79 LTOFILE M
| &yuand | o-yBrygs-osip | Kmnd | o-morgs-osip | Amnd | q-ySryys-osip | Lund | g-mopgs-osip | Amnd | zopu-ySigys-osip | Awnd | [oru-ySiyys-osip | And | qru-ySipys-osip | Awnd | efu-ySiqys-osip | ordwes |

‘pardde s1 Ayureirooun onRUIASAS 1B 9% ()€ B UONB[NO[RD
UZ 9} IO ‘PapN[OUT 2IB SANUILIIAOUN [BINSIIEIS A[UQ *|_qF 6C[ UI SUOIII AISA0ISIP Judpuadapul-[opour ay3 10§ SP[RIA pajoadxy :ST°Q IqeL,



Chapter 9
Validation of the background

Before unblinding the Signal Regions (SRs) it is important to validate that the Standard
Model (SM) background is modelled properly in the SRs. Validation Regions (VRs) are
created in a region of phase space close to the SRs to test that the background is modelled
properly. If it is shown that the SM background is understood, any deviation from the
SM seen in the SRs is likely to be a real effect, such as expected from a supersymmetry
or any other beyond-the-Standard-Model signal. VRs have been designed for the largest
backgrounds in the analysis: WZ, tf and Z+jets/Z+7.

9.1 WZ validation region

The control regions (CRs) for the WZ background as described in Section 7.1.2 are designed

to normalise the Monte Carlo (MC) to data in a controlled WZ dominated phase space. In

N30 GeV

order to correct for the slope in the rets

distribution the WZ CRs are split into a jet-veto
(0j) region and a region with at least one jet (nj). The two normalisation factors Lwzo;
and Uwz,; from the WZ CRs are validated in the WZ VRs, which are kinematically closer
to the SRs. For this reason, like the WZ CR, the WZ VR is divided into a jet-veto region,
VRWZ-0j, and a region where at least one jet is required, VRWZ-nj. An additional validation
region VRWZ-nj-lowmll is added to validate the low m?}gi” phase space, which is relevant for
validating the background of SRhigh-nja where mJ}i" € [0, 12] GeV.

The goal is to design WZ VRs close to SR phase space. The SR phase space is designed
in such a way that it selects off-shell W and Z bosons. In order to select an off-shell Z
boson in the WZ VRs, the m{™ window is placed at [12,75] GeV. The next step would be
to select an off-shell W boson, however, the VRs also need to be orthogonal to the SRs. In
order to be orthogonal to the SRs, the WZ VRs select an on-shell W, with the mt window

placed at [60,90] GeV. An EI'S < 80 GeV cut is applied in the VRWZ-nj region in order
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Table 9.1: Validation region WZ (VRWZ) definitions. A jet-veto is applied in the VRWZ-0j, N0 6V —=

jets
0, and in the VRWZ-nj and VRWZ-nj-lowmll regions at least one jet is required, Nﬁe?sGeV >1.Inall
the regions a b-jet veto is applied, such that N20 5V — 0.

b-jets
. . N N S . balance .
mog mipn Einiss lepton pr miginmil - pmiss sionificance  piP' ™ /ERSS  mb AR(Wlep,Eniss)
[GeV] [GeV] [GeV] [GeV] [GeV] [GeV]
VRWZ-0j <75 €[12,75] <50 all 3> 10 € [60,90] >15 - >75 >2.6
VRWZ-nj <75 €12,75] <80 all 3> 10 € [60,90] >15 >0.5 -
VRWZ-nj-lowmll <75 €[1,3],[32,9] >80 all3e(u)>453.0) >30 >15 >03

to be orthogonal with SRs of the )Zli 7220 — WihZ?)Z? analysis [15], of which the result is
summarised in Section 11.5. The region VRWZ-nj-lowmll is orthogonal to the SRhigh-nja
region through pl{'ptons / E%’iss > 0.3. The WZ VRs are summarised in Table 9.1. Additional
m3y and minAR cuts are included in the channel where an electron is the fake candidate

* or ptu~e™) to reduce electron fakes due to photon-conversion. The cuts are

(eTe e
applied in order to match the fake composition in the Z+jets estimation described in Section
7.2.3, where minAR € [0.6,2.4] and |m3; — mz| > 20 GeV.

Since the VRs are designed close to the phase space of the SRs, there might be supersym-
metry signal that enters the VRs. However, as the purpose is to validate the SM background
it is important to keep the amount of signal contamination in VRs to a minimum. In a
WZ VR, with only cuts on m%n and mrT, the signal contamination exceeds 20% for some
unexcluded supersymmetry scenarios. In order to reduce the signal contamination extra
cuts have been added on variables pl{:'ptons /E%‘iss, mpv\,%alance and AR(Wlep,E%‘iSS); these cuts
are explained in Section 6.3. After these cuts, signal contamination drops below 12% for
unexcluded scenarios, as shown in Figure 9.1.

The WZ background is validated in binned distributions of variables. For the distributions
it has been checked whether within each bin the signal contamination is less than the expected
error. The expected error is set to the statistical error plus a 20% flat systematic error. It
was found that the m%“ distribution is the most sensitive to signal contamination exceeding
this criterion. In order for the signal contamination to fall within the expected error the m?‘gi“
binning has been adjusted to [12,30], [30,50], [50,75] GeV for VRWZ-0j and VRWZ-nj. As
shown in Figure 9.2 the signal contamination does not exceed the error with the adjusted
binning. For VRWZ-nj-lowmll the m%“ binning has been set to [1,9] GeV.

The agreement between the estimation and the data is shown in Figure 9.3 for VRWZ-0j,
in Figure 9.4 for VRWZ-nj and in Figure 9.5 for VRWZ-nj-lowmll. Good modelling is
observed in VRWZ-nj and VRWZ-nj-lowmll, however in VRWZ-0j there is an excess in
the data. The significance of the excess in VRWZ-0j is above 20 as can be seen in the
summary of the VRs, which is shown in Figure 9.10. To correct for this excess of the data

in VRWZ-0j the WZ background would need to be normalised with a normalisation factor
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Fig. 9.1: Signal contamination of possible supersymmetry models, parametrised in X1 and %, 0/ % 751

mass, shown as a % for (a) VRWZ-0j, (b) VRWZ-nj and (c) VRWZ-nj-lowmll. The dashed line
70 > 0 GeV. The grey shade shows
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Fig. 9.2: The m‘l}}i“ distribution showing the contamination per bin for the most contaminating signals
for (a) VRWZ-0j and (b) VRWZ- nj Only statistical uncertainties are included in the top panel.
Distributions for )Zli )Zz — WZ)(1 X] signals are overlaid, with mass values given as [m()(1 ,m()( )]
GeV. In the bottom panel the numbers of expected signal events are shown. The my) min binning is
chosen such that that the number of signal events does not exceed the total error; where the total error
is the statistical error plus a flat systematic uncertainty of 20%.

around Uwzo; = 1.3, instead of Uy zo; = 1.06 as has been derived in Section 7.1.2. Such a
change will adjust the normalisation factor Uy zo; by about 20%. A study has been done,
presented in Section 11.2.1, to see how the measurement of Uy zg; can be improved for a
next round of the analysis using a different type of CR. For this analysis the original CR
strategy, yielding a normalisation factor of Ly zo; = 1.06 is kept.

Another cause for the significance of the excess in the VRWZ-0j to be above 20 is
the systematic uncertainty on the WZ background. As can be seen from Table 9.2 the
systematic uncertainty on the WZ background in VRWZ-0j is only 5% (where a conservative
flat uncertainty of 20% was applied in Figure 9.2). The off-shell WZ phase space seems to
be not perfectly predicted by the MC generator and tune, and thus an extra uncertainty could

have been applied for the extrapolation from the on-shell WZ CRs, which has not been done.

9.2 tf validation region

In the SRhigh regions #7 is one of the largest backgrounds and it is important to validate that
tt is estimated correctly. The #f background is a fake lepton background just like Z+jets/Z+7.
However, the difference between the estimation of ¢ and Z+jets/Z+7 is that the 77 estimation
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Fig. 9.3: Distributions for VRWZ-0j. Statistical and systematic uncertainties are included. The last
bin includes overflow.
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Fig. 9.5: Distributions for VRWZ-nj-lowmll. Statistical and systematic uncertainties are included.

The last bin includes overflow.
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Table 9.2: Yields for VRWZ-0j, VRWZ-nj and VRWZ-nj-lowmll. Statistical and systematic uncer-
tainties are included.

Region VRWZ-0; VRWZ-nj  VRWZ-nj-lowmll
Observed 198 174 22

Bg predicted 157.0 7.7 173 £12 29.2+5.9
wZzZ 1171 £49 123.24+9.0 21.7£4.5
ZZ 22.6 £ 6.0 18.6 + 6.3 0.7£0.4
Fakes 13.0 £2.8 11.8 £2.8 27£1.2

1t 1.60+0.79 13.7+£2.7 25+1.0

it X 0.08 £0.06 2.06 £0.30 0.53+£0.14
Others 26+£1.0 40+£1.3 1.06 £0.84

is done using MC. The Fake Factor method, described in Chapter 7.2, estimates the fake
lepton background by assigning a fake factor to all events containing anti-ID leptons and
this method can also be used to estimate t7. However, since 7 is estimated using MC, 7 is
subtracted from the fake estimation as described in Section 7.2.4. In order to validate the ¢7
MC and the subtraction of ¢7 from the Z+jets/Z+7y sample, a validation region VRt has been
defined.

VRtt has been designed by removing the b-jet veto with respect to the SR selections. The
region is defined in the off-shell m?}in window [1,75] GeV and has a Ngge?sev > 0 requirement
to be high in #f purity. The Ngge(t}sev > ( cut also ensures orthogonality to the SRlow and
SRhigh regions. A Ef"™ > 50 GeV cut is placed to reduce the Z+jets fake background
contribution. The cuts are summarised in Table 9.3.

It can be seen from Table 9.4 that the purity of ¢ is found to be 63%. The agreement
between the estimation and the data is shown in Figure 9.6. Good modelling for the t# MC is

observed in all distributions.

Table 9.3: VRt definition.

myy [GeV] mi" [GeV] Ngge?j" ESS [GeV]  lepton pr [GeV]

VRtt <75 [1,3], [3.2,9], >12 >0 >50 all 3 e(u)>4.5(3.0)

9.3 Z+jets/Z+y validation region

After having established the Z+jets/Z+y background estimation and its uncertainties in
Section 7.2, it needs to be validated. Three validation regions are defined, VRFF-0j, VRFF-n;]
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Table 9.4: Yields for VRtt. Statistical and systematic uncertainties are included.

Region VRitt
Observed 2189
Bg predicted 2220 + 370
Wz 80+1.6
wz 92 + 11
/4 150+ 2.8
Fakes 395 +£42
tr 1400 4+ 330
tr X 200 £+ 15
Others 111 £ 61

Table 9.5: VRFF definitions. A jet-veto is applied in the VRFF-0j, N3? 6V = 0, and in the VRFF-nj

jets
and VRFF-nj-lowpt regions at least one jet is required, J\Tji(queV > 1. In all the regions a b-jet veto is
applied, such that N20 5V — (.

b-jets
my [GeV]  mifi" [GeV]  EMSS [GeV] P [GeV] mPnmll [GeV]  EMSS significance
VRFF-0j <75 € [12,75] <50 >10 <50 €[0.5,1.5]
VRFF-nj <75 € [12,75) <200 >10 <50 €1[0.5,3]
VRFF-nj-lowpt <75 €[1,75) <200 <10, all 3 e(n)>4.5(3.0) <50 €1[0.5,3]

and VRFF-nj-lowpt. The latter differs from VRFF-nj by having an inverted lepton prt
requirement. To make these validation regions pure in fake leptons and orthogonal to the SRs,
the EIMsS significance cut is inverted with respect to the SRs. The cuts on EFS and mminmil
are the same as those applied to the SRs. A more stringent selection on m3, reduces the ZZ
background. The definition of the VRFF regions is shown in Table 9.5. Additional ms, and
min AR cuts are included in the channel where an electron is the fake candidate (ete~e® or
utu~e*) to reduce electron fakes due to photon-conversion. The cuts are applied in order
to match the fake composition in the Z+jets estimation described in Section 7.2.3, where
minAR € [0.6,2.4] and |m3; —mz| > 20 GeV.

The agreement between the estimation and the data in the validation regions VRFF-0j,
VRFF-nj, VRFF-nj-lowpt is shown in Figures 9.7, 9.8 and 9.9. The yields are reported in
Table 9.6. All the Z+jets/Z+Y estimation systematic uncertainties, discussed in Section 7.2.5,
have been included. The unconstrained uncertainties before the fit in the WZ CRs, described
in section 7.1.2, are shown. The normalisation factor for the WZ background is applied.
Good modelling is observed in all the regions. In appendix B the figures and yield tables for
the validation regions are shown split up into flavour components eee, pue, eeit and (L.

Also when splitting up into flavour components good modelling is observed in all the regions.
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Table 9.6: Yields for VRFF-0J, VRFF-nJ and VRFF-nJ-lowpt. Statistical and systematic uncertainties
are included.

Region VRFF-0J] VRFF-n]  VRFF-nJ-lowpt
Observed 385 388 73

Bg predicted 369 £ 25 373 £ 19 71+£9

wZz 543+£29 103 £5 54+24
ZZ 57+ 4 61+£5 2.7+2.0
Fakes 254 £24 191 £ 16 57+7

tt 20£05 13.0£1.5 48+1.5

1t X 0.29£0.10 2.41 +£0.30 0.34£0.10
Others 1.6+06 24408 0.5+51

9.4 Summary plot of the validation regions

In Figure 9.10 the summary of the validation regions is shown. It can be observed that there
is good agreement in all of the VRs, except for the 20 deviation in the VRWZ-0j which has
been discussed in Section 9.1.

The breakdown of the systematic uncertainties for the VRs is demonstrated in Figure
9.11. For the VRWZ-0j and VRWZ-nj regions the dominant systematic are theoretical uncer-
tainties. In the VRWZ-nj-lowmll region the dominant systematic is from the experimental
uncertainties, due to leptons which need to be reconstructed for pt < 10 GeV. The domi-
nant systematic in the VRt region are also experimental uncertainties because of leptons
reconstructed for pt < 10 GeV. In the Z+jets/Z+7y VRs the dominant systematic are fakes
systematics, as is expected. In the VRFF-nj-lowpt the experimental uncertainties are also

sizeable, again due to the leptons reconstructed for pt < 10 GeV.
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Chapter 10

Results

After the Signal Regions (SRs) have been optimised in Section 8.4, the discovery SRs have
been defined in Section 8.5, and the predictions of the Standard Model (SM) backgrounds
have been validated in Validation Regions (VRs) in Chapter 9, it is time to look at the data
in the SRs. However, before the SRs can be looked at, the statistical procedure for signal
discovery or signal exclusion needs to be outlined in order to avoid introducing a bias in the
statistical inference procedure. It needs to be decided beforehand which conclusions are to
be drawn from the measurement in the SRs and which hypothesis is assigned to the possible
outcomes. It is important to determine both the test statistic and the level of significance for
rejecting a hypothesis. After the statistical procedure has been introduced, the SRs can be
unblinded.

10.1 Statistical procedure

The statistical procedure is implemented using Histfitter [192, 193], which is a framework
capable of likelihood fits and hypothesis tests. Histfitter is based on RooFit [194] and
RooStats [195]. Histfitter takes as input a likelihood function, a test statistic, the hypotheses
to test and the level of significance for hypothesis rejection.

The likelihood used when optimising the signal in Section 8.4, given by Equation 8.1,
used a flat systematic uncertainty of T = 30%. For the final fit result, distributions for each
nuisance parameter 6 are implemented. The likelihood for the data measured in the signal

regions is then given by,

L(ii|us, 8) = [T POulNi(s,6)) x T P(nilNi(s, )) x Coya (6), (10.1)
iESR i€CR
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where P is a poisson distribution and C is typically a gauss, poisson or log-normal distribution,
depending on the type of uncertainty. The likelihood depends on the number of measured
events, n;, and the number of expected events ;, where N; is given by

Ni(its, ) = s -5;(8) + b;(6), (10.2)

which is a function of the normalisation scale factor i for the signal, the number of expected
signal events s; and background events b;, and the nuisance parameters 6. The included
nuisance parameters describe experimental and systematic uncertainties. Normalisation
of the WZ background as described in Section 7.1.2 is included in the fit using additional
nuisance parameters. The normalisation scale factor u, for the signal scales the expected
signal. Scaling the signal allows to look at different scenarios, where g = 0 corresponds to
no signal, g = 1 corresponds to the expected signal and tig > 1 corresponds to more than
the expected signal.

A hypothesis test will be done to evaluate whether the observed data is compatible
with SM background only, the background-only hypothesis, or with SM background and
supersymmetry signal, the signal-plus-background hypothesis. A composite hypothesis is
used where L is not fixed. A test statistic is used to determine the level of agreement of a
hypothesis with the observation. In counting experiments the test statistic is chosen to be
a function of the number of events. At the LHC the standard test statistic is the one-sided

profile likelihood which in our case is given by

A
~

L(”|U575(NS)=
L(n“isvz;a

Di»

(s))
)

g(tts) = —21In (103)

Db

In this notation a single hat corresponds to values that maximise the likelihood overall and a
double hat corresponds to values that maximise the likelihood for a fixed p.

The probability density function of the test statistic g() needs to be known,

fla(us)|ps). (10.4)

The used test statistic has the advantage that the true test statistic distribution can be approxi-
mated. In the asymptotic limit the test statistic distribution will follow a x? distribution [196].
Another option is to use toy experiments to obtain the test statistic distribution. In all the
fits shown in this chapter the asymptotic approach is used. After the test statistic has been

determined for the hypothesis, the observed value for the test statistic, ¢°”, is determined
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from the data sample. The p-value is then given by

Pl = [, 7la() )y (10.5)
Us

As a final step the level of significance or critical region where to reject the background-
only or signal hypothesis needs to be decided. If the background-only hypothesis of gy =0 is
rejected at 30, corresponding to a p-value of 0.013, there is evidence for the supersymmetry
signal. A rejection of the background-only hypothesis at 5o, corresponding to a p-value
of 3-1077 will lead to a discovery. If the supersymmetry signal is not discovered, the
supersymmetry signal hypothesis with gy = 1 can be rejected at 1.640, corresponding to a

p-value of 0.05, leading to an exclusion of the supersymmetry signal at a 95% confidence
level (CL).

10.2 Unblinding of signal regions

After having defined the statistical inference procedure the SRs can be unblinded. Since the
discovery SRs, defined in Section 8.5, are a combination of the exclusion SRs, defined in
Section 8.4, all exclusion SRs are unblinded in order to validate the behaviour in the SRs
before performing the discovery fit.

The yield tables are shown for the SRlow-0j regions in Table 10.1, for SRlow-nj in
Table 10.2, for SRhigh-0j in Table 10.3 and for SRhigh-nj in Table 10.4. From the summary
plot shown in Figure 10.1 it can be seen that the data in the SRs follows the background
expectation and that no significant excess is observed in the SRs. There are two SRs, SRlow-
0jd and SRhigh-0jf2, which show a 20 tension with the data. However, observing two SRs
with a 20 tension is expected with 31 SRs. Since no significant excess has been observed in
the exclusion SRs, the combination of the SRs to discovery SRs will unfortunately not lead
to evidence or discovery of the supersymmetry signal.

The relative uncertainties, which have been described in sections 7.1.1 and 7.2.5, in the
SRs are shown in Figure 10.2. The sources of uncertainty considered in the fit have been
grouped into categories taking into account their correlations. It can be seen that the largest
systematic uncertainties arise from the fakes in the fake dominated regions. In the SRhigh-nj

regions the theoretical uncertainties dominate.
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Table 10.1: Yields in SRlow-0j. Statistical and systematic uncertainties are included.

Region SRlow-0jb SRlow-0jc SRlow-0jd SRlow-0je SRlow-0jf1 SRlow-0jf2 SRlow-0jg1 SRlow-0jg2
Observed 25 42 77 101 33 7 34 9

Bg predicted 3244 44 +4 5444 91+6 322425 5011 347+28 6.3+ 1.1
wz 7.6+0.9 138+£13 163+£1.9 256+18 20.1+£15 49+£10 214£2.1 52+1.0
zz 55+13 74£12 9.6+16 21.8+32 27+11  043+£0.14 47+14 0.45+0.14
Fakes 19.14£32 22.7+£34  265+35 40+£5 72+£17  0.00+ 5 6.6+1.6  0.001 &+ 593
i 0.05 £ 343 0.11£317  0384+£022 1.1+£04 0782029 0.08 %00 0.8+04 0.36 £+ 0.21
X 0.007 £ g5 0.002 £ {008 0.009 + 918 0.019 £ 302 0.026 £ 3338 0.010 £ 5015 0.039 £0.025 0.003 + 598
Others 0.045+£0.031 030+£0.12 13406 1.9+0.6 14+04  051+£018 1.16+£027  027+0.09

Table 10.2: Yields in SRlow-nj. Statistical and systematic uncertainties are included.

Region SRlow-njb SRlow-njc SRlow-njd  SRlow-nje  SRlow-njfl SRlow-njf2 SRlow-njgl SRlow-njg2
Observed 6 13 17 14 25 20 22 12

Bg predicted 3.5+ 0.6 80+12 135+15 182+34 234+25 179+19 17.04£35 124419
wz 1.62 +0.30 32406 6.0+08 86+13 11.1+£12 94+11 100+12 73413
7z 045+£0.13 0724022 1.00+£028 14+09 40+16 066+025 11+}$ 0344011
Fakes 12405 3.7+£09 45+12 33+13 22414 0003 1.8+£1.1  00+3§
i 0.154+0.13  028+0.14 15+04 33+09 46+11 57+£12 3.0+£08 29+07
D¢ 0.030 £0.013 0.052+0.019 0.24+0.06 0.33+0.07 044+0.09 072+0.11 0.36+0.08 0.44 +0.09
Others 0.006 £ 0.004 0.14+£33F  021+006 1.3+1% 1.0+£04 14409 071+£021 1.4+0.6

Table 10.3: Yields in SRhigh-0j. Statistical and systematic uncertainties are included.

Region SRhigh-Ojp  SRhigh-Ojc  SRhigh-Ojd  SRhigh-Ojc SRhigh-Ojfl ~ SRhigh-0jf2  SRhigh-Ojgl SRhigh-0jg2
Observed 1 4 11 13 37 14 43 17
Bgpredicted ~ 1.5+0.7 43+08 140+16 115+1.6 357+32  255+24 395130 21+7
wz 0.20 £ 337 1.5+£05 6.0£0.9 6.1£1.1 205+21  160£23  264+£22 15+7

zz 05+03  031+£012 1.8+08 089+£024 3.1+10 095+£035 3.0+£09 058+£0.17
Fakes 081031 1.7+04 44£1.0 1.1£08 43x14 00035 3413 0.00=£3
i 005003  045+£0.17 0.64+028 18+£06 4410 44+£1.0 43+£09 31407
X 0.003 £ {¢i% 0.009 £ 9913 0.029 £0.015 0.08£0.04 0.11£0.05 0.109+£0.030 0.16+0.05 0.09 & 0.04
Others 0.014 £ 418 0353 1.1+04 1.6+£04  33+08 40+ 1.0 23+£08  2.0+05

Table 10.4: Yields in SRhigh-nj. Statistical and systematic uncertainties are included.

Region SRhigh-nja SRhigh-njb SRhigh-njc SRhigh-njd SRhigh-nje SRhigh-njf SRhigh-njg
Observed 3 2 2 2 2 11 4

Bg predicted 6.0+ 1.6 1406 2.1+£08 54+14 30+ 1.1 9.9+25 6.8+ 1.8
wz 3.8+12 0.57+£0.18  1.2540.25 25404 1.31£0.25 45+0.7 3.7+0.6
7z 0.044 +0.023  0.009 & 0.005 0.020 £ 0.011 0.014 +£0.013 0.029 +0.014 0.081 £ 0.033 0.050 == 0.020
Fakes 1.5+0.8 0.5+93 0.04 £ 328 07938 0.0£04 0.6+057 0.00 £ 49
1 0.6 +£0.5 0.14 £ 513 0.6 £0.5 1.3£08 12+1.0 34+2.0 25+ 1.6
X 0.16 £0.06 0.014+£00%  0.027+0.023 0.08 + %8 0.09+0.04  031+0.08  021+0.07

Others 0.038 £0.030  0.22 + )33 0.14 £+ 93¢ 0.8+ 0.6 0.33 £0.21 1.0+04 0.3+94
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10.2 Unblinding of signal regions
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Summary plot showing the number of events in all SRs and the expected background. The

bottom panel shows the significance of the difference between the observed and the expected yields,
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calculated with the profile likelihood method from [191], adding a minus sign if the yield is below the

prediction. Statistical and systematic uncertainties are included.
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10.3 Discovery fit

The discovery fit is set up to reject the background-only hypothesis. For the discovery fit the
model-independent SRs are used as defined in Section 8.5. The normalisation factor for the
signal is set to zero, g = 0, in order to formulate the background-only hypothesis. The test
statistic from Equation 10.3 is then modified such that it takes the form of

=0), if iy >0
do— q(Us ) 'lfs (10.6)
0, if i <0,

where in case of [i; < O it is declared that the data is maximally compatible with the
background-only hypothesis tg = 0. Each discovery SR is fit independently together with
the CRs.

For each signal region the discovery fit also produces a model-independent 95 % CLg
upper limit on the number of events of a generic beyond-the-Standard-Model process. The
limit can be equivalently expressed as a limit on the visible cross-section of such process.
From Table 10.5 it can be seen that the maximum significance of rejecting the background-
only hypothesis is 1.280¢. It can thus be concluded that in none of the discovery regions the

background-only hypothesis can be rejected.

10.4 Exclusion fit

For the exclusion fit the regular SRs are used as defined in Section 8.4. In the previous section
it has been shown that the discovery fit has failed to reject the background-only hypothesis.
The next step is to do an exclusion fit to reject the signal-plus-background hypothesis and
derive exclusion contours. The exclusion fit measures the level of agreement of the observed
data with the signal-plus-background hypothesis, with a signal strength of pg = 1. In this

case the test statistic from Equation 10.3 is modified such that it takes the form,

q(Hs = 1), if fy < ps =1
g =4 =1 (10.7)

07 lf,l:is>‘us:1,

where in case of [I; > U; = 1 the data is maximally compatible with the signal-plus-
background hypothesis g = 1. All the SRs and CRs are fit simultaneously for each signal
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Table 10.5: Summary of the expected background and data yields in the discovery signal regions.
The second and third columns show the data and total expected background. Statistical and systematic
uncertainties are included. The fourth column gives the model-independent upper limits at 95% CL
on the visible cross-section (0y;s). The fifth and sixth columns give the visible number of observed
(5%) and expected (S%7) events of a generic beyond-the-Standard-Model process. The last column
shows the discovery p-value and expected Gaussian significance Z assuming the background-only
hypothesis. A one sided p-value is used causing the maximum p-value to be at 0.5, which corresponds
to a significance (Z) of zero.

Signal channel N, Nexp onlbl S Sew  CLs  p(s=0)(2)
disc-SRhigh-nJa 3 6.0+1.6 003 43 6373) 016 0.50(0.00)
disc-SRhigh-nJb 2 1.43+0.58 003 4.6 40719 062 0.34(0.41)
disc-SRhigh-nJel 7 95422 005 63 8073 026 0.50(0.00)
disc-SRhigh-nJc2 2 2.06+0.77 0.03 44 44723 049 0.50 (0.00)
disc-SRlow-b 31 358+38 008 1.5 14.6%%3 025 0.50(0.00)
disc-SRhigh-b 32974089 004 50 50777 050 0.50(0.00)
disc-SRlow-c 86 88.1+7.1  0.16 224 23877%F 043 0.50(0.00)
disc-SRhigh-c 9 93+16 005 75 78%3, 047 0.50(0.00)
disc-SR-d 202 184+£12 036 499 362753 0.83 0.17(0.97)
disc-SR-¢el 332 308+£17 049 684 49.87175 0.83 0.17(0.96)
disc-SR-e2 298 269+15 049 683 4527177 0.90 0.10(1.28)
disc-SR-f1 479 457+£22 057  79.1 62.17HY 076 0.23(0.72)
disc-SR-f2 277 272£13 034 471 43.677¢ 059 0.41(0.23)
disc-SR-g1 620 593+£28  0.69 96.0 759705 0.76 0.23(0.73)
disc-SR-g2 418  408+£20 047 659 59.17337 0.63  0.37(0.34)
disc-SR-g3 288  285+16 036 505 48.0M37 0.55 0.45(0.14)
disc-SR-g4 141 136£10 025 349 314120 062 038(031)

point. In order to exclude a signal a confidence level is defined,

cL, = Dsth (10.8)
1—ps

where p;.; corresponds to iy = 1 and p;, corresponds to t; = 0. The supersymmetry signals,

depending on the )Z? and )Zg / )Z]i mass, are excluded at 95% Confidence Level (CL) if
CL; < 0.05.

The exclusion contours are shown in Figure 10.3 for the combination of the SRlow and

SRhigh regions, as well as for each of the regions separately. It can be seen that the simplified

models used in this thesis are excluded up to a )Z? mass of 250 GeV. As expected most of the

exclusion power at low Am between the )Zg / )Zli and )Z? is driven by the SRhigh regions.
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Fig. 10.3: Exclusion contours parametrised in )Z? and )Zli / )Zg mass for (a) the combination of the

SRlow and SRhigh regions, (b) the SRlow regions and (c) the SRhigh regions. The expected 95%

confidence level (CL) sensitivity (dashed black line) is shown with +10ey, (yellow band) from

experimental systematic uncertainties and statistical uncertainties on the data yields, the observed

limit (red solid line) is shown with &1 Gtheory (dotted red lines) from signal cross-section uncertainties.

The grey shade are the constraints obtained by the off-shell and on-shell WZ Run-1 result using 20.3
Vat /s =8 TeV [186].



Chapter 11
Discussion

The supersymmetry signal motivated by global fits, described in Section 2.4, has not been
found by the analysis performed in this thesis, described in Part III. This could be due to a
number of reasons which will be discussed in this chapter. Also possible improvements to
the analysis are mentioned which could increase the sensitivity to higher )Zli / )Zg mass or in

the more compressed regions, where the mass difference (Am = Myt )30 — mz?) is small.

11.1 Different models

In the Signal Regions (SRs) considered and under the assumptions made, supersymmetry
has not been found by this analysis. However, if there is new physics in the phase space
described in this thesis, at the mass scale accessible by the LHC, it is possible to question

why it has not been observed. There are a number of reasons why this might happen:

* New physics has too small couplings and/or a branching ratio (BR) to three leptons
less than 100%, which causes a much lower sensitivity than the simplified scenario
considered in this analysis.

* The kinematics of the new physics lead to final states that are difficult to detect, as is
the case for the compressed signal points.

11.1.1 Smaller couplings

In the typical supersymmetry analysis done by ATLAS simplified models are used which
include certain assumptions, for example that supersymmetry particles not considered in the
analysis are heavy and decoupled. As an advantage this provides good sensitivity and the
ability to exclude regions in the supersymmetry phase space. The simplified models used to
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describe the supersymmetry signal assume gaugino mixing, as described in Section 2.1.1,
such that the %"/ are wino-like and the %! is bino-like, which results in a high production
cross-section. Also the BR for the decay of )Zli )Zg to the final state under consideration,

X - wrz ), (11.1)

is assumed to be 100%. However, in scenarios with different gaugino mixing the production
cross-section needs to be multiplied with about ~ %. If one then further assumes a branching
ratio of about 50% instead of a 100% to the WZ final state, the visible cross-section of the
process needs to be multiplied by ~ %. It is interesting, under the assumption that the shape
of the supersymmetry kinematic distributions stay the same, to consider what the exclusion
would look like in case of such a different scenario. As can be seen in Figure 11.1, when
reducing the cross-section of the supersymmetry signal by a factor of four, the supersymmetry

models are only excluded up to a )Z? mass of 150 GeV.

11.1.2 Difficult kinematics: go more compressed

In the compressed regime, where My )30 — Myo < 15 GeV, the kinematics are a limiting
factor to obtain good sensitivity with the ATLAS detector as the signature of the process

results in low pr leptons and low E%ﬁss. Atan et

e~ collider, such as the Large Electron-
Positron Collider (LEP), low pT and low E‘TniSS is not as much of a problem, which is why
there always have been strong limits in the compressed regime from LEP. However, at a
hadron collider doing a search with low pt leptons and low E%‘iss is hard, due to the large
SM background and trigger restrictions. The strategy used to search for )Zli )Zg in the analysis
described in this thesis is through the Drell-Yan (DY) production process involving a W
boson. In order to gain sensitivity for the more compressed signals an ISR jet to boost the
system is used in the SRhigh-nj regions. A different analysis strategy can be considered as
has been done by CMS where Vector Boson Fusion (VBF) production is studied [197].
When looking for )Zli )Zg through DY production, the cross-section is of the order of
a%w. When looking at production through VBEF, the cross-section is of the order of agw,
decreasing the cross-section with a factor 10~*. However, as can be seen in Figure 11.2, in
VBF production the )Z]i )Zg are produced in association with two high pr jets. Due to the
kinematics of the process the two jets will be in opposite direction and close to the beam
axis, which will result in a large di-jet invariant mass. The specific signature of the two high
pt VBF jets suppresses the SM background, but more importantly it boosts the E%“SS and
pr of the leptons. As a result from the boost the compressed regime will then become more

accessible. Even the extreme compressed case where the )Zli )Zg and )Z? are degenerate is
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Fig. 11.1: Exclusion contours when reducing the cross-section of the supersymmetry signal by a
factor four, parametrised in )(1 and J; / xz mass for (a) the combination of the SRlow and SRhigh
regions, (b) the SRlow regions and (c) the SRhigh regions. The expected 95% confidence level (CL)
sensitivity (dashed black line) is shown with 10y, (yellow band) from experimental systematic
uncertainties and statistical uncertainties on the data yields, the observed limit (red solid line) is shown
with £1G¢eory (dotted red lines) from signal cross-section uncertainties.
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Fig. 11.2: Feynman diagram showing )Zli )ZS production through the vector boson fusion (VBF)
process.

accessible through a zero lepton search, in a two jet and E%‘iss final state. It will be interesting
to use such a technique to gain more sensitivity for the compressed signals, especially with
the High Luminosity LHC where the low production cross-section of the VBF process can

be compensated with a large luminosity.

11.2 TImprovements to the analysis technique

Considering the analysis strategy discussed in this thesis, there are some improvements that
will be interesting to implement in a next round of the analysis. Most of these improvements
have not yet been implemented because of the timeline of the analysis and the fact that the
new techniques described have to be further developed.

11.2.1 WZ control region

In validation region (VR) VRWZ-0j there is a 20 tension with the data, as can be seen from
the yields in Table 9.2. In an ideal case such a tension with the data is not present in a VR,
assuming the background under validation is properly normalised through the use of a control
region (CR). In order to properly normalise a background and to correct mismodelling it is
important that the phase space of the CRs is close to the phase space of the VRs and SRs.
However, in the current analysis, due to orthogonality restrictions and limited possibilities in

terms of phase space, instead of selecting off-shell WZ as used in the VR, a CR has been used
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Fig. 11.3: Distribution of the mg‘fi“ for VRWZ-0j. The VRWZ-0j is shown without my cut to study
the extrapolation from CRWZ-0j to VRWZ-0j. As can be seen the modelling in the on-shell region
m‘l}?“ >75 GeV is different from the modelling in the off-shell region m‘l}l[in <75 GeV. Only statistical
uncertainties are included.

which selects on-shell WZ, as defined in Section 7.1.2. The my, window in the CRWZ-0j is
[81,101] GeV, while in the VRWZ-0j the cut is placed at my, < 75 GeV. The variable my,
is thus extrapolated from the CR to the VR. One of the most relevant checks is to examine
the VRWZ-0j with the my, cut moved up to < 101 GeV, to study the modelling in the my
variable.

In Figure 11.3 the VRWZ-0j is shown with the moved myy cut. It can be seen that the
data/MC agreement in the CRWZ-0j phase space, myy range [81,101] GeV, is better than in
the VRWZ-0j phase space, where the my, < 75 GeV. It can be concluded that in order to
correct for the mismodelling in the the VRWZ-0j, a different normalisation factor would be
needed than the one obtained from the on-shell WZ CR, to adjust the data/MC agreement.

In order to improve the CRWZ-0j, to correct the mismodelling in the off-shell WZ phase
space, there are limited possibilities in the three lepton phase space. However, there is the
possibility of using a four lepton phase space and normalise using the ZZ background. A
CRZZ-0j, as defined in Table 11.1, can be used to normalise the WZ background because
both backgrounds represent a similar process and both are generated using Sherpa. As can
be seen in Figure 11.4 the mismodelling observed in the off-shell VRW Z-0j region is similar
to the CRZZ-0j. The yields are shown in Table 11.2, where a normalisation factor of 1.29
is obtained from the CRZZ-0j, which can be used to correct for the mismodelling in the
VRWZ-0j. If this strategy is to be used, it is important to study that the same kinematic
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Fig. 11.4: Distributions of the m%“ for (a) CRZZ-0j and (b) VRWZ-0j. As can be seen the mis-
modelling in myy" for the off-shell region is similar for CRZZ-0j and VRWZ-0j, and thus it may be
interesting to use CRZZ-0j as a CR to normalise the WZ and ZZ. Only statistical uncertainties are
included.

selection for ZZ means the same phase-space for WZ and extra systematic uncertainties need

to be derived that describe the uncertainties that belong to such an extrapolation.

Table 11.1: Off-shell CRZZ-0j definition. A jet-veto is applied, ]\Gi?SGeV =0, and a b-jet veto, such
that N29GeV = 0.

-jets
Niep My mrgngin EITniSS lepton pr mrI}linmu EITIliSS significance
[GeV] [GeV] [GeV] [GeV] [GeV]
CRZZ-0j 4 <75 >12 <50 all3>10 - >1.5

11.2.2 Different binning of the fake factor F

In order to obtain correct modelling for the fake leptons it is important to measure the fake
factor F' in bins where the fake composition is the same between the measurement region and
the application region. When extrapolating between the on-shell Z fake lepton background
measurement region of F' and the off-shell WZ SRs, which is the application region, it was
found that correctly modelling conversion fakes was not possible, since the conversion fakes
have a different composition depending on m‘l}?n, as can be seen in Figure 11.5. In the analysis

this is dealt with by cutting away the conversion fake component in the SRs as described in
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Table 11.2: Yields of CRZZ-0j and VRWZ-0j and the obtained scale factor tzzo;. Only statistical
uncertainties are included.

sample | CRZZ-0j ‘ purity ‘ VRWZ-0j ‘ purity ‘ VRWZ-0j (Uzz0; applied) ‘ purity ‘

Others | 3.1+0.3 1% |22+0.5 1% |22+0.5 1%
Fakes | 0.0£0.0 0% | 12.0£1.7 7% | 12.0+1.7 6%
i 1.1£0.2 1% | 1.540.3 1% | 1.5+0.3 1%
f+X | 0.1£0.0 0% | 0.0£0.0 0% | 0.0£0.0 0%
WZ | 3.4£04 2% | 119.9£2.8 | 75% | 151.07+3.5 76%
7z 217.1+19 | 97% |25.1+2.0 | 16% |31.6+2.0 16%
| Total | 2247+2.0 | - [160.8+3.9 | - |198.4+44 -
| data [ 289.0+£17.0| - |199.0£14.1| - [199.0+14.1 -
| Hzzoi | 129 I I |-

Section 7.2.3. For a new round of the analysis, correct modelling for the conversion fakes in
the SRs would require not cutting away the conversion fake component.
In order to model the conversion fake component it needs to be measured depending on

mf;}m in the off-shell Z fake lepton background measurement region. Construction of such a

measurement region, with a good amount of statistics, to measure the F dependence on m%“
has been tried but was unsuccessful. Instead a proxy can be used to measure this dependence.
For each fake component a specific measurement region can be made to obtain the F' for
that fake source. For example a cut on the dj significance can be used as a discriminant to
select heavy-flavour fakes, and photon-related variables that depend on the shower shape can
be used to select conversion fakes. Once having obtained separate F' for each of the fake

sources these have to be combined to correctly mimic the dependence of the fake sources on

mf;éi“. The easiest method would be to use the distribution in Figure 11.5 to determine the
fake composition from each of the fake components as a function of m‘l}éi“ from Z+jets/Z+y
MC. However, since Z+jets/Z+y MC has been found to be unreliable, it would be better
to use a data-driven method to obtain the dependence of the fake composition on m?z}“.
Such a data-driven method could consist of fitting templates, for each fake source, of the dj
significance distribution, which contains information on the sources of fake components, in
the application region to determine the composition. Such a method of fitting templates is
also used by the b-tagging efficiency measurement [178]. A method like this would be the

most robust fully data-driven method to estimate the fakes in the off-shell region.
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Fig. 11.5: Distribution showing the dependence of different fake sources on m‘l}}m in the SRlow-0j

region.

11.2.3 Improved Prompt Lepton Veto

The Prompt Lepton Veto (PLV) is described in Section 5.4 and the performance of the two
working points, PLVLoose and PLVTight, in a preselection region of the SRs is described in
Section 8.3. Improvements to the PLVLoose and PLVTight working points have been made
in parallel with this analysis and can be used in the next round of the analysis. The nominal
PLV used in the analysis is trained at pt > 10 GeV. To improve the PLV at low pr a separate
low prt PLV is trained. The new PLV working point would then be a combination of the
two PLVs, the nominal and low pt working point, by using an interpolation function. The
interpolation function uses a smooth cut on the BDT score, instead of the binned approach

shown in Table 5.4. The interpolation function takes the form of

. apy+bpr+cpr+d  (pr < pi), low pr PLV (trained at pr < 6 GeV)
<

max(—0.88,A —}—Bepr) (pr > p*"), nominal PLV (trained at pt > 10 GeV),
(11.2)
where p is the intersection between the nominal and the low pt PLV. The optimal working
point found is described in Table 11.3. With the low lepton pt working point added, the fake
rejection improves by 20-30% at low pr.

11.2.4 Specialised trigger

As can be seen in Figure 8.2 trigger acceptance is a bottle neck for the compressed supersym-
metry signal grid points with My )70 = M0 < 25 GeV. In order to trigger signals with such
low Am the analysis now mostly relies on the SRhigh-nj regions where the E%‘iss triggers

can be used. To increase the sensitivity for these mass points in the other SRs, SRlow and
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Table 11.3: Definition of the new PLV working point where a smooth cut on the BDT score is applied
using an interpolation function. Two working points have been defined with the same names as before,
PLVLoose and PLVTight. The variable piT’" is the intersection between the nominal and the low pt
PLV. The function for the cut value on the BDT for the low pr PLV depends on variables a, b, ¢ and d.
The function of the cut value on the BDT for the nominal PLV depends on A, B and C.

| a[GeV™®]  b[GeV?]  c[GeV'] d | A B C[GeV] | pi [GeV]
‘Electrons
PLVLoose 0 -0.000106967 -0.0160896  0.960105 | -0.94386  3.03257 28.0508 | 18.457
PLVTight 0 -0.000722487 -0.0750674  1.13016 | -0.881497 2.29469 115776 | 16.967
‘Muons

PLVLoose | -0.000186 0.0058481 -0.0788936  1.05942 | -0.958651 3.54785 19.6155 18.452
PLVTight 0 -0.000992265 -0.0597252 0.998203 | -0.929774 29159  10.2339 18.603

SRhigh-0j, a specialised trigger can be developed. For example a topological trigger that

uses a AR requirement between the leptons would be an option.

11.3 High luminosity LHC

The expected exclusion contour for this analysis with the High Luminosity LHC, with an
expected luminosity of 3000 fb~!, is shown in Figure 11.6. The expected result is obtained
using the analysis as described in this thesis, assuming the trigger acceptance stays the
same, as well as the reconstruction and identification efficiencies, and the regions used.
The sensitivity is shown for the simplified models used in the analysis, as well as the case
where the cross-section is reduced by a factor four. When adding new analysis techniques as
described in Section 11.2 further improvements are expected: an improved Ly z, better fakes
modelling, improved fake background rejection from the PLV, and improved acceptance
from the triggers for the compressed grid points. Also it will be interesting to include a VBF
SR for the almost degenerate compressed scenarios.

11.4 Comparison with CMS

A similar analysis as described in this thesis has been performed by CMS during Run-1.
The simplified model is used, where for )Zli )Zg production the )Zli and )Zg are assumed to be
mass-degenerate and wino-like, and the )Z? is set to be bino-like. The result with 35.9 fb—! is

shown in Figure 11.7 [76]. Due to the smaller dataset used for the analysis the limit obtained
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Fig. 11.6: Expected significance with the High Luminosity LHC in the SRlow and SRhigh signal
regions for (a) the nominal simplified models and (b) the simplified models with the cross-section
reduced by a factor four. Flat systematics per SR are implemented corresponding to Figure 10.2. The
dashed line indicates the region where Myt 70 — Mo < Mz and My 70 — Mo > 0 GeV. The grey
shade shows the obtained exclusion limits from the analysis described in this thesis, corresponding to
the off-shell WZ Run-2 result using 139.0 fb~! at /s = 13 TeV.
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with the CMS analysis is weaker than the limit obtained by the ATLAS analysis described in
this thesis. A new result from CMS with the full Run-2 dataset is expected in the near future.

A comparison can still be made with the analysis presented in this thesis. Figure 11.8
shows a comparison of the Run-1 CMS exclusion contour, and the expected sensitivity of
the analysis described in this thesis with 35.9 fb~!. It can be seen that the CMS search has
a similar sensitivity, although at the smaller Am between the )Zli/ )Zg and )Z? the presented
analysis in this thesis outperforms the CMS search.

11.5 Combination with other gaugino analyses

The result presented in this thesis is made public as a conference proceeding [15]. The
public result is a combination of several analyses assuming )Zli )Zg production: the off-
shell WZ analysis (}ZljE )Zg — W*Z* )Z? Z?) presented in this thesis, an on-shell WZ analysis
7 —wzi%0) and a Wh analysis (779 — Whz¥7).

In Figure 11.9 the exclusion contour for the off-shell WZ analysis, the same as Figure
10.3 in Chapter 10, is shown in the Am()Zli/ )Zg, )Z?) plane. The result is compared to the
Higgsino analysis [198] shown in dark grey, where the Higgsino-like 5(10 simplified model is
reinterpreted as a bino-like )Z? simplified model. It can be seen that the Higgsino analysis is
capable of excluding signals with a compressed Am of below 10 GeV up to a Zli )Zg mass
of almost 250 GeV. For the semi-compressed signals, with Am larger than 10 GeV, the off-
shell WZ analysis takes over the exclusion limit. The simplified models that are capable of
reproducing the observed dark matter relic density, QA?, are illustrated in the figure through
a blue line, with a thickness corresponding to its uncertainty. Above the line corresponds to
simplified models that produce a higher than observed dark matter relic density and below
the line corresponds to simplified models that produce a lower dark matter relic density. It
can be seen that the analysis presented in this thesis is capable of excluding the simplified
models that correspond to the observed dark matter relic density up to a )Zli / )Zg mass of
around 200 GeV.

In Figure 11.10(a) the off-shell WZ result is combined with the on-shell WZ analysis. It
can be seen that the on-shell WZ analysis is able to exclude signals up to a )Zli )Zg mass of
640 GeV for signals with a Am larger than 90 GeV. From the figure also the improvement
with respect to the previous Run-1 combination of off-shell WZ and on-shell WZ analyses,
shown in light grey, can be seen. In Figure 11.10(b) the Wh analysis is shown. Similar to
the WZ analyses, the Wh analysis focuses on the pair production of Zli and %9, but with
subsequent decay into W= )Z? and hf(?, respectively. The 4 can then decay into WW, ZZ or
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77 corresponding to multiple three lepton final states. It can be seen that the analysis is able
to exclude up to a )Zli )Zg mass of around 180 GeV for a )Z? mass up to 20 GeV.

In Figure 11.11 the summary plot is shown before and after addition of the analysis. It
can be concluded that although the analysis was not able to find evidence for supersymmetry,

it was able to exclude a large part of before uncovered phase space.
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Fig. 11.9: Exclusion contour of the off-shell WZ analysis in the Am(f(li/ }Zg, }Z?) plane. The expected
95% confidence level (CL) sensitivity (dashed black line) is shown with £10ey, (yellow band) from
experimental systematic uncertainties and statistical uncertainties on the data yields, the observed limit
(red solid line) is shown with 3=10heory (dotted red lines) from signal cross-section uncertainties. The
light and dark grey shade are the constraints obtained by the previous equivalent analysis in ATLAS
using the 8 TeV 20.3 fb~! dataset [186] and the compressed spectra search using the 13 TeV 139 fb~!
dataset [198] respectively. The dark blue line in the top right panel represents the mass splitting range
that yields a dark-matter relic density equal to the observed relic density, QA% = 0.1186 +0.0020
[199], when the mass parameters of all the decoupled SUSY partners are set to 5 TeV and tan f3 is
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Fake factor validation

Table B.1: Yields for the 3e, 2elu, 31 and 2 le selection of VRFF-0J. Statistical and systematic

uncertainties are included.

Region VRFF-0J-eee VRFF-0J-eey VRFF-0J-uuu  VRFF-0J-upue
Observed 36 57 170 122

Bg predicted ~ 33.2+3.4 56+6 146+ 18 134+8
wz 4241.0 142424 193+1.6 16.6+1.8
zz 7.6+£1.5 125+1.8 243423 125+1.7
Fakes 21.0£2.5 2745 102+18 103£8

i 0.14+0.09  0.98+0.33 0.08+0:32 0.80+0.30
1tfX 0.03£5:04 0.144£0.06  0.052+£0.028  0.07+£0.05
Others 0.21+)37 0.63+0.28 0.10+£5-23 0.6+0.5

Table B.2: Yields for the 3e, 2elu, 31 and 2 1e selection of VRFF-nJ. Statistical and systematic

uncertainties are included.

Region VRFF-nJ-eee VRFF-nJ-eey VRFF-nJ-uuu VRFF-nJ-puue
Observed 48 75 107 158

Bg predicted  35.7+3.0 80£6 100£11 1577
wz 8.4+1.0 329422 28.1+2.3 33.5+£25
ZZ 94+1.4 122+£1.5 17.6£1.7 21.7£2.7
Fakes 17.2+£2.0 2745 52+10 96+£5

tt 0.37£0.16 6.34+0.9 1.8+0.5 454+0.7
it X 0.184+0.06 0.88+0.14 0.47+0.10 0.88+£0.15
Others 0.11£0.06 1.0+0.5 0.22+£0.10 1.1£+0.5

Table B.3: Yields for the 3e, 2elu, 3u and 2ule selection of VRFF-nJ-lowpt. Statistical and

systematic uncertainties are included.

Region VRFF-nJ-lowpt-eee =~ VRFF-nJ-lowpt-eet  VRFF-nJ-lowpt-uuu  VRFF-nJ-lowpt-u e
Observed 0 24 32 17

Bg predicted 1.6£0.4 14.8£2.6 37£5 17.6+£2.9

wz 0.26+0.17 1.0£0.5 3.1+1.4 1.0£0.6

7z 0.18+0.12 044075 1.5+£0.9 0.64190

Fakes 0.93+0.27 11.1£2.0 31+£5 142+1.7

i 0.20+0.10 2.1+0.8 0.8+0.4 1.7+£0.8

1 X 0.011£5:010 0.09 £0.05 0.11£0.06 0.13+0.05
Others 0.01£541 0.15+)72 0.294034 0.05+5:32
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Fig. B.3: Distributions for the 31 selection of VRFF-0j. Statistical and systematic uncertainties are
included. The last bin includes overflow.
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Fig. B.4: Distributions for the 2t 1e selection of VRFF-0j. Statistical and systematic uncertainties
are included. The last bin includes overflow.



243

Events / 10 GeV

Data/SM

Events /0.5

Data/SM

Events / 10 GeV

Data/SM

® Data X Total SM é

Vs=13Tev,139.0f0"  gwz Fakes 7
E VRFF-nj-3e Wz W E
Others tt+X ]

11 muﬂ

11 HHM

10 20 30 40 50 60 70 80
mi" [GeV]
(a)
ISR BEERA RN RN AR RERE;
F ® Data 8 Total SM ]
103 Vs=13TeV, 130.0 6"  pwz Fakes -
F VRFF-nj-3e Wz [ 3
- Others tH+X -
10%

11 HHM

0
-25 2 -15 -1 -05 0 05 1 15 2 25
3" leading lepton n
(c)
104:;“‘ rrrrprTTTTTTTT ““\““\““\““\““\“‘;:
E ® Data X Total SM 3
[ Vs=13Tev,139.0f" pmwz Fakes ]
10° & VRFF-nj-3e Wz Il =
E Others tt+X 3
102

11 HHM

5 10 15 20 25 30 35 40 45 50

E-TISS [G EV]
(e)

Events / 10 GeV

Data/SM

Events / 5 GeV

Data/SM

Events / 0.5

Data/SM

TTTT

Vs=13TeV, 139.0 fo*

103
VRFF-nj-3e

T TTTTI

10?

TT HWW

il

®Data N TotalSM B
Wwz Fakes |
Bz e 3

Others tH+X ]

0O 5 10 15 20 25 30 35 40 45 50
mr_lpinmll [GGV]

(b)
A L L B
10 E ® Data X Total SM %
E Vs=13Tev,139.0fb" mEwz Fakes ]
10°% & VRFF-nj-3e Wz I =
Others tH+X 3

T TTTI

10?

T HWW

10 15 20 25 35 40
p'T3 [GeV]
(GY)

10°E g
E ® Data %Tmal SM =

S Vs=13Tev,1300%" mwz Fakes .
10°E VRFF-nj-3e Wz G E
E Others X E
107 E
10t oy 0 ;

15

®

2 25 3
ET™* significance

Fig. B.5: Distributions for the 3e selection of VRFF-nj. Statistical and systematic uncertainties are
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Fig. B.7: Distributions for the 3u selection of VRFF-nj. Statistical and systematic uncertainties are
included. The last bin includes overflow.
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Fig. B.9: Distributions for the 3e selection of VRFF-nj-lowpt. Statistical and systematic uncertainties
are included. The last bin includes overflow.
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Fig. B.10: Distributions for the 2e1u selection of VRFF-nj-lowpt. Statistical and systematic uncer-
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Fig. B.11: Distributions for the 3u selection of VRFF-nj-lowpt. Statistical and systematic uncertain-
ties are included. The last bin includes overflow.
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Summary

Through physics we try to understand the world. And we do understand a lot about it.
Especially when we consider the matter around us. As is the case with what the air that we
breathe is made of or what the table we sit at is made of. Most people are aware that matter
is made up out of atoms. But one could then ask the subsequent question: what are atoms
made of? As with a lot of questions, one could go deeper and deeper into an explanation
for why something happens. When describing what atoms are made of we enter the field
of particle physics. The theory that describes particle physics is called the Standard Model
(SM). The SM is successful at describing the complexity of matter that we observe at particle
accelerators, where the building blocks of atoms are revealed.

Particle accelerators have come a long way since they were first blown into existence,
with the Large Hadron Collider (LHC) being the pinnacle of its technique. The first particle
accelerator, the cyclotron created by Ernest Lawrence in 1930, fitted in the palm of your
hand as exemplified in Figure 1(a). With the start of the new field of particle physics, bigger
and more powerful accelerators came into existence. There were also particle accelerators
operational at Nikhef in Amsterdam. These electron accelerators started in the 1950s with
energies of 100 MeV and before the year 2000 the energy increased to almost 1000 MeV,
with the Amsterdam Pulse Stretcher (AmPS) [203]. Already the AmPS storage ring had a
circumference of 212 m, which received its electrons from a linear accelerator called the
Medium Energy Accelerator (MEA), a 180 m long. A setup like this no longer fits into
your hand, let alone stand in your back garden. At the start of 1999 AmPS and MEA were
decommissioned due to budgetary constraints [204]. If we want higher energies the costs and
size increases by a lot. The size increase of accelerators is demonstrated in Figure 1. With
higher energies it becomes possible to study the building blocks of matter with higher degrees
of precision. This is why big international collaborations such as CERN are needed, which
set the stage for different countries to bundle their efforts. By gathering all the capacities
of tens of countries the Large Electron-Positron Collider (LEP) was able to reach an energy
of 209 GeV [205]. A two times higher order of magnitude than we were able to achieve
in Amsterdam. The current energy frontier in particle physics is the LHC. The LHC is the
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(a) First cyclotron (b) AmPS and MEA (¢) LEP and the LHC

Fig. 1: Size increase of particle accelerators over less than a century.

particle accelerator with the highest collision energy of 13 TeV and it is built inside the old
LEP tunnels. To get an idea of its size, it is situated on average 100 m underground and
has a circumference of 26.7 km. The first studies for the LHC already started in 1983, the
installation started in 2004, the first time it could be used to study physics was in 2010 and
it is supposed to run until around 2040 [206]. This gives a feeling for the timescale of the
initial idea to a working accelerator in such a huge international project. It is the machine
that delivered the collisions to two experiments, ATLAS and CMS, leading to the Higgs
discovery.

The SM and the confirmation of the Higgs particle, with its associated mechanism of
electroweak symmetry breaking giving mass to particles, are a great triumph for the field of
particle physics. However, is it capable of describing all the matter around us? The main
motivation for the research performed in this thesis is that the SM does not provide a complete
picture of the fundamental building blocks of nature and the laws governing their interactions.
On earth the SM is capable of describing matter, however the problem arrises when we start
to look at large objects in the universe, like the rotation of galaxies or light coming from
very far away, where observations do not match the predictions from the SM. We see stars
rotating faster than they should. We see light getting bended by gravitational fields that we
do not see. What if we do not know all that much about the matter that surrounds us? Certain
experiments conclude that the world we know of, including all the atoms, only makes up 5%
of the matter-energy density in the universe, where the dark energy density makes up 68.5%
and the remaining 26.5% is contributed to Dark Matter (DM) [30]. Luckily, with the addition
of DM we can explain the behaviour of the stars and light in the universe. But how can we
explain DM?

DM can be described using supersymmetry. Supersymmetry is a symmetry that relates
fermions, particles that make up the matter content of the universe, and bosons, the particles
that carry the forces. Supersymmetry predicts many new particles, among which a possible

candidate for DM. Besides providing a DM candidate, it solves the mass hierarchy problem
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of the SM if supersymmetry is found at the TeV scale. Quantum corrections from the new
particles can stabilise the electroweak scale. Supersymmetry also naturally achieves the uni-
fication of the electroweak and the strong force, which has been a long-held ideal for particle
physics. Furthermore, if supersymmetry is imposed locally, general relativity is automatically
included, thus including the fourth fundamental force, gravity, and making supersymmetry a
fundamental ingredient for string theory. As a consequence supersymmetry is well motivated
by theory, but unfortunately there has not been any experimental confirmation. Without
experimental confirmation, a theory, no matter how many problems it solves, stays just a
theory. Experiments at LEP, the Tevatron and at Run-1 of the LHC ruled out a large number
of supersymmetric models. After Run-1 of the LHC there are stringent constraints on the
masses of the strongly produced supersymmetric particles called squarks and gluinos. On
the other hand, the values of the masses of the weakly produced supersymmetric charginos
and neutralinos are less constrained, since these particles have much smaller production
cross-sections. The weakly produced charginos and neutralinos play an important role in
establishing a connection between supersymmetric models and DM, where the lightest super-
symmetric particle, the lightest neutralino, )Z?, is the DM candidate. Since supersymmetry
predicts a DM candidate, constraints from astrophysical observations can help motivate
which supersymmetric models to look for. In this thesis supersymmetric models are being
looked for which are motivated by the thermal relic abundance of DM in the universe. Also
supersymmetric models must be coherent with the SM, and agree with measurements from
b-physics, Higgs measurements and electroweak precision measurements.

The search performed in this thesis is for the process )Zli )Zg —WZ )Z? )Z?. The process is
well-motivated through global fits and is not excluded yet in the case where the mass gap
between the )Zli )Zg and the )Z? is small. The process decays into a final state of three leptons
and missing energy (E7"**). An illustration of the Feynman diagram is introduced in Figure
2, as well as an explanation of how the signal results in a signature of three leptons and E%niss.
The signal is arduous to detect when there is a small mass gap between the supersymmetric
particles, as this will result in low pt leptons and low E‘Tniss. Reconstruction and triggering
become difficult in this scenario because there are a lot of different background processes
that have similar signatures in the detector. For this reason new identification techniques
are used in this thesis to reconstruct leptons that can be classified to result from the signal
process. The technique is called the Prompt Lepton Veto (PLV) and it employs a Boosted
Decision Tree, which has been tuned for optimal performance in the analysis.

In order to search for the process a choice has to be made what the mass of the super-
symmetric particles is expected to be. The possible choices of mass for the supersymmetric

particles, )Zli )Zg and the )Z?, all correspond to different supersymmetric models. Multiple
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Fig. 2: Feynman diagram showing the process searched for in this thesis. The diagram can be read
from left to right and the red lines signify supersymmetric particles. First the two incoming protons
(p) from the LHC collide to form the supersymmetric particles 7~C1i and )Zg . Consequently these
hypothetical supersymmetrical particles decay into the Standard Model (SM) particles W and Z, and
two of the Dark Matter (DM) candidates, )Z?. The W and Z subsequently decay into three leptons and
a neutrino. Both the neutrino and the DM candidates end up as missing energy (E%liss) in the detector.
The signature to be measured in the detector is thus three leptons and EFs®.

Signal Regions (SRs) have been created to target the different possible values the mass of
the supersymmetric particles could have. Specifically, the SRs are constructed for different
values of the mass gap between the )Zg / )Zli and )Z? particles. These SRs are optimised
to maximise the probability to find supersymmetric particles in them. In order to do so
background processes that could have a similar signature are reduced, and the number of
supersymmetric particles that could end up in the SRs are maximised. In Figure 3 the result of
the search is presented. The different bins correspond to all the SRs that have been created to
target the supersymmetric models. In order to evaluate if there were actually supersymmetric
particles in the SRs, the expected background from the SM has been computed and has
been compared to what is observed in the data. In case supersymmetry is present an excess
over the SM prediction is expected. The bottom panel quantifies the significance of the
disagreement of the expected background from the SM with the data. A significance of 3¢
is evidence for supersymmetry and of 5o would have been a discovery. In view of the fact
that the significance in two of the bins only barely exceeds 20, it can be concluded that the
SM is able to account for the observations in the SRs. Unfortunately this also means that
supersymmetric particles are not found.

The sought for supersymmetric models have not been found, making it possible to exclude
them. In order to do so a grid is created representing possible values for the mass of the

supersymmetric particles. The grid demonstrating the exclusion of the parameter space is
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Fig. 3: Summary plot showing the number of events in all SRs and the expected background. The
bottom panel shows the significance of the difference between the observed and the expected Standard
Model (SM) yields, calculated with the profile likelihood method from [191], adding a minus sign if

the yield is below the prediction.

presented in Figure 4. Within the grid all the different SRs provide exclusion power for
different values of the mass gap between the )Zg / )Zli and )Z? particles, resulting in strong
exclusion power throughout the grid. The region that falls within the red line has been
excluded. It can be concluded that the following models are excluded: the ones which are
enclosed in the region where the mass of the )Z? is 250 GeV and the mass of the )Zli / Zg is 300
GeV. Although the analysis was not able to find evidence or a discovery of supersymmetry, it
was able to exclude a large part of before uncovered phase space.

In closing, the evolution of the field of particle physics, with its increase in the size of the
accelerators and of the complexity of the theories, has promoted it into an advanced field. A
field that is capable of predicting the behaviour of particles with great precision. However,
despite all of its success there are still challenges for particle physics that lie ahead, such as
explaining DM or the desire to unify all forces into a single theory. The search presented
in this thesis has been one of the attempts to shed light on questions like this. Although the
breakthrough is still keeping us waiting, it is what makes this mature field both challenging
and exciting at the moment. It will be with great pleasure when we finally arrive at this

breakthrough.
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Fig. 4: Exclusion contours parametrised in xl and ¥; / )(2 mass for the combination of all the Signal
Regions (SRs). The region within the yellow band defines the limit that was expected within +10.
The solid red line demonstrates the observed limit, and the dotted red lines represents the limit within
+10. All limits are calculated at a 95% confidence level. The grey shade is the limit obtained by the
previous result from ATLAS during Run-1 [186].



Samenvatting

Door de lens van natuurkunde proberen we de wereld te begrijpen. En we begrijpen veel.
Zeker als we de materie om ons heen bekijken. Of het nu gaat om de samenstelling van de
lucht die we inademen of die van de tafel waar we aan zitten. De meeste mensen zijn zich
ervan bewust dat materie bestaat uit atomen. Maar je zou altijd de vervolgvraag kunnen
stellen: waar zijn atomen van gemaakt? Zoals met veel vragen kan men dieper en dieper
graven naar de verklaring waarom iets gebeurt. Als we willen beschrijven waaruit atomen zijn
opgemaakt, komen we in het vakgebied van de deeltjesfysica. De theorie die de deeltjesfysica
beschrijft, is het Standaard Model (SM). Het SM kan de complexiteit van materie succesvol
beschrijven in deeltjesversnellers, waar de bouwstenen van atomen worden onthuld.
Deeltjesversnellers hebben een lange weg afgelegd sinds ze voor het eerst het daglicht
zagen en op dit moment is de Large Hadron Collider (LHC) het toppunt van ons kunnen. De
eerste deeltjesversneller, de cyclotron van Ernest Lawrence uit 1930, paste nog in de palm
van je hand zoals te zien is in Figuur 1(a). In het nieuwe vakgebied van de deeltjesfysica
werden steeds grotere en krachtigere versnellers ontwikkeld. Er waren ook deeltjesversnellers
operationeel bij het Nikhef in Amsterdam. Waar deze electronenversnellers in de jaren 50
nog een energie van 100 MeV hadden, nam dit al voor het jaar 2000 toe tot 1000 MeV, door
middel van de Amsterdam Pulse Stretcher (AmPS) [203]. De AmPS opslagring had een
omtrek van 212 m en kreeg zijn electronen van een lineaire versneller genaamd de Medium
Energy Accelerator (MEA), met een lengte van 180 m. Een opstelling als deze past niet in je
achtertuin, en al helemaal niet meer in de palm van je hand. Aan het begin van 1999 werden
AmPS and MEA stopgezet vanwege budgettaire beperkingen [204]. Als we een hogere
botsingsenergie willen bereiken, gaan de grootte en dus kosten enorm omhoog. De toename
van de grootte van versnellers in de loop der jaren is te zien in Figuur 1. Met een hogere
botsingsenergie wordt het mogelijk om de bouwstenen van materie met grotere precisie te
bestuderen. Dit is waarom grote samenwerkingsverbanden zoals CERN nodig zijn, want
deze bieden een platform voor verschillende landen om hun krachten te bundelen. Door de
inspanningen van tientallen landen samen te voegen was het voor de Large Electron-Positron

Collider (LEP) mogelijk om een energie van 209 GeV te bereiken [205]. Een energie die
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(a) Eerste cyclotron (b) AmPS en MEA (¢) LEP en de LHC

Fig. 1: De toename in grootte van deeltjesversnellers in minder dan een eeuw.

twee ordes van grootte hoger ligt dan wat mogelijk was in Amsterdam. De versneller met
de huidig hoogste botsingsenergie is de LHC. De LHC, gebouwd in de oude LEP tunnels,
bereikt een maximale botsingsenergie van 13 TeV. Om een idee van de grootte te krijgen:
de LHC ligt gemiddeld 100 m ondergronds en heeft een omtrek van 26.7 km. De eerste
studies voor de LHC begonnen al in 1983, de installatie begon in 2004, de eerste keer dat er
botsingen bestudeerd konden worden was in 2010 en het plan is om de LHC draaiende te
houden tot rond 2040 [206]. Dit geeft een idee van de tijd die nodig is om van het initi€le
concept naar een werkende versneller te gaan in zo’n groot internationaal project. Het is de
machine die de botsingen geleverd heeft voor de twee experimenten, ATLAS en CMS, die
hebben geleid tot de ontdekking van het Higgsdeeltje.

Het SM en de bevestiging van het bestaan van het Higgsdeeltje met daarbij het mech-
anisme van electrozwakke symmetriebreking waardoor deeltjes massa krijgen, zijn grote
mijlpalen in de deeltjesfysica. Is het SM echter in staat om alle materie rondom ons te
beschrijven? De belangrijkste motivatie voor het onderzoek in dit proefschrift bestaat hierin,
dat het SM niet de complete beschrijving geeft van de fundamentele bouwstenen van materie
en de onderlinge krachten. Op aarde is het SM in staat om materie te beschrijven, het
probleem ontstaat echter als we naar grote objecten in het universum gaan kijken, zoals
de rotaties van sterrenstelsels en licht dat van ver komt. Onze observaties stroken dan niet
met de voorspellingen van het SM. We zien sterren die sneller draaien dan het volgens ons
zou moeten. We zien licht dat gebogen wordt door gravitatievelden die we niet kunnen
zien. Wat nu als we niet zoveel weten van de materie rondom ons als we denken? Bepaalde
experimenten concluderen, dat de wereld zoals wij die kennen, met daarbij alle atomen,
slechts 5% uitmaakt van de totale massa-energiedichtheid van het universum, waarbij de
donkere energie dichtheid 68.5% inneemt en de overige 26.5% kan worden toegeschreven aan
Donkere Materie (DM) [30]. Gelukkig kunnen we met de toevoeging van DM het gedrag van

sterren en licht in het universum beschrijven. Maar hoe zouden we DM kunnen verklaren?
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DM kan worden beschreven door supersymmetrie. Supersymmetrie is een symmetrie
die fermionen, de deeltjes die materie vormen, aan bosonen, de deeltjes die de onderlinge
krachten dragen, relateert. Supersymmetrie voorspelt vele nieuwe deeltjes, waaronder een
mogelijke kandidaat voor DM. Buiten het feit dat supersymmetrie een kandidaat voor DM
levert, lost het ook het massahiérarchieprobleem van het SM op als supersymmetrie zich op de
TeV-schaal bevindt. Ook kunnen quantumcorrecties van de nieuwe deeltjes de electrozwakke
schaal stabiliseren. Supersymmetrie kan ook op natuurlijke wijze de electrozwakke en de
sterke kracht verenigen, wat al lang een ideaal is voor de deeltjesfysica. Bovendien, als
supersymmetrie lokaal wordt opgelegd, wordt de algemene relativiteitstheorie automatisch
ook beschreven. Hiermee wordt dus ook de vierde fundamentele kracht, de zwaartekracht,
meegerekend in de theorie, hetgeen supersymmetrie een fundamenteel ingrediént maakt voor
de snaartheorie. Als gevolg van deze eigenschappen is supersymmetrie goed gemotiveerd
door de theorie, maar helaas ontbreekt de experimentele bevestiging. Zonder experimentele
bevestiging blijft een theorie, ongeacht hoeveel problemen ermee worden opgelost, slechts
een theorie. Experimenten bij LEP, de Tevatron en Run-1 van de LHC hebben een groot aantal
supersymmetrische modellen uitgesloten. Na Run-1 van de LHC zijn er strenge limieten aan
de massa’s van de sterk geproduceerde supersymmetrische deeltjes, de squarks en gluinos.
Aan de andere kant zijn de massa’s van de zwak geproduceerde supersymmetrische chargino’s
en neutrino’s minder beperkt aangezien deze deeltjes veel kleinere productiedoorsneden
hebben. De zwak geproduceerde chargino’s en neutralino’s spelen een belangrijke rol bij het
tot stand brengen van een verband tussen supersymmetrische modellen en DM, waarbij het
lichtste supersymmetrische deeltje, de lichtste neutralino, )Z?, de DM kandidaat is. Aangezien
supersymmetrie een DM kandidaat voorspelt, kunnen beperkingen van astrofysische waarne-
mingen helpen bij het motiveren naar welke supersymmetrische modellen moet worden
gezocht. In dit proefschrift wordt gezocht naar supersymmetrische modellen die worden
gemotiveerd door de thermische overblijfselen van DM in het universum. Ook moeten de
supersymmetrische modellen coherent zijn met het SM, en overeenkomen met metingen uit
b-fysica, Higgs metingen en elektrozwakke precisiemetingen.

De zoektocht die in dit proefschrift is uitgevoerd, geldt voor het proces )Zli )Zg —WZ )Z? )Z?.
Dit proces is goed gemotiveerd door globale fits en is nog niet uitgesloten in het geval dat het
verschil in massa tussen de )Zli )Zg en de Z? klein is. Het proces vervalt naar een eindtoestand
van drie leptonen en missende energie (EITniSS). Een illustratie van het Feynman-diagram wordt
geintroduceerd in Figuur 2, evenals een uitleg van hoe het signaal resulteert in een signatuur
van drie leptonen en E%’iss. Het signaal is moeilijk te detecteren wanneer er een klein verschil
in massa is tussen de supersymmetrische deeltjes, aangezien dit zal resulteren in lage pr

leptonen en lage EITniSS. Reconstructie en triggering worden in dit scenario lastig, omdat er
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Fig. 2: Feynmandiagram dat het proces laat zien waarnaar gezocht wordt in dit proefschrift. Het
diagram is van links naar rechts te lezen en de rode lijnen duiden supersymmetrische deeltjes aan.
Eerst botsen de twee inkomende protonen (p) van de LHC om de supersymmetrische deeltjes )Zli en
Zg te vormen. Vervolgens vervallen deze hypothetische supersymmetrische deeltjes in de Standaard
Model (SM) deeltjes W en Z, en twee van de Dark Matter (DM) kandidaten, )Z?. De W en Z vervallen
vervolgens in drie leptonen en een neutrino. Zowel de neutrino als de DM kandidaten eindigen als
missende energie (EITmSS) in de detector. De signatuur die gemeten moet worden in de detector is dus
drie leptonen en ERss,

veel verschillende achtergrondprocessen zijn met vergelijkbare signaturen in de detector. Om
deze reden worden in dit proefschrift nieuwe identificatietechnieken gebruikt om leptonen
te reconstrueren die kunnen worden geclassificeerd als resultaat van het signaalproces. De
techniek heet de Prompt Lepton Veto (PLV) en maakt gebruik van een Boosted Decision
Tree die is afgesteld voor optimale prestaties bij de analyse.

Om naar het proces te kunnen zoeken moet een keuze gemaakt worden wat de massa’s
van de supersymmetrische deeltjes zullen zijn. De verschillende keuzes voor de massa’s van
de supersymmetrische deeltjes, )Zli )Zg en de )Z?, komen allemaal overeen met verschillende
supersymmetrische modellen. Meerdere Signaal Regio’s (SR’s) zijn gemaakt, die zich kun-
nen richten op de verschillende mogelijke waardes van de massa’s van de supersymmetrische
deeltjes. In het bijzonder zijn de SR’s geconstrueerd voor verschillende waardes van het
verschil in massa tussen de )Zg / )Zli and Z? deeltjes. Deze SR’s zijn geoptimaliseerd om de
kans te maximaliseren om supersymmetrische deeltjes te vinden. Om dit te realiseren worden
achtergrondprocessen die een vergelijkbare signatuur hebben geminimaliseerd en wordt het
aantal supersymmetrische deeltjes dat in de SR’s zou kunnen belanden gemaximaliseerd. In
Figuur 3 wordt het resultaat van de zoekopdracht gepresenteerd. De verschillende kolom-
men komen overeen met alle SR’s die zijn gemaakt om de supersymmetrische modellen

te verkennen. Om te evalueren of er daadwerkelijk supersymmetrische deeltjes in de SR’s
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Fig. 3: Een samenvatting van de metingen in alle SR’s met daarbij de verwachte achtergrond. Het
onderste paneel toont de significantie van het verschil tussen de waargenomen metingen en de
verwachting vanuit het Standaard Model (SM), berekend met de profile likelihood methode uit [191],
waarbij een minteken wordt toegevoegd als de meting onder de verwachte voorspelling ligt.

waren, is de verwachte achtergrond van de SM berekend en vergeleken met de waarnemingen
in de data. Als supersymmetrie aanwezig is, wordt een overschrijding van de SM voor-
spelling verwacht. Het onderste paneel kwantificeert de significantie van de afwijking van
de verwachte achtergrond van de SM met de data. Een significantie van 30 levert bewijs
voor supersymmetrie en die met een waarde van 56 zou een ontdekking hebben betekend.
Gezien het feit dat de significantie in twee van de kolommen 26 nauwelijks overschrijdt, kan
worden geconcludeerd dat de SM in staat is om de waarnemingen in de SR’s te verklaren.
Helaas betekent dit ook dat de supersymmetrische deeltjes niet zijn gevonden.

De supersymmetrische modellen waarnaar gezocht is, zijn niet aangetroffen, waardoor
het mogelijk is de supersymmetrische modellen uit te sluiten. Om dit te bereiken wordt een
raster gemaakt van de mogelijke waarden voor de massa’s van de supersymmetrische deeltjes.
Het raster met de uitsluiting van de supersymmetrische parameterruimte wordt weergegeven
in Figuur 4. Binnen het raster bieden alle verschillende SR’s uitsluitingsvermogen voor
verschillende waarden van het verschil in massa tussen de )Zg / )Zli en de )Z? deeltjes, wat
resulteert in een sterke uitsluitingskracht over het gehele raster. Het gebied dat binnen de
rode lijn valt, is uitgesloten. Er kan worden geconcludeerd dat de volgende modellen zijn

uitgesloten: de modellen zijn ingesloten in het gebied waar de massa van )Z? een waarde heeft



276 Samenvatting

200

s [
ﬁ 400— Vs=13 TeV, 139 fb™* SRIow+SRhigh regions _
@H n All limits at 95% CL :6
S 350— %g - WZ%E%E % o®
300 :— - - Expected Limit (+10,,,) o Qﬁ
[ — Observed Limit (+1 Tinoon) 3
250—  ATLAS 8TeV20.3fb™

150

aneA SO paAlasqQ 1uasalday slaqunN Aai9

100

50

1 1 1 | 1 1 1 1 | 1 1 1
900 150 200 250 300

350 |
%)/m&ﬂ) [GeV]

Fig. 4: Uitsluitings contouren geparametriseerd in de massa van de )Z? en }Zli / )Zg deeltjes voor de
combinatie van alle Signaal Regio’s (SR’s). Het gebied binnen de gele band definieert de verwachte
limiet binnen +10. De rode lijn geeft de waargenomen limiet aan en de gestippelde rode lijn geeft de
waargenomen limiet binnen +16 weer. Alle limieten zijn berekend op een betrouwbaarheidsinterval
van 95 %. Het grijs-getinte gebied is de limiet die verkregen is door het vorige resultaat van ATLAS
tijdens Run-1 [186].

van 250 GeV en de massa van J / ?Cz een waarde heeft van 300 GeV. Hoewel de analyse
geen bewijs levert of een ontdekking van supersymmetrie kon aantonen, was deze wel in
staat om een groot deel van de eerder ongedekte parameterruimte uit te sluiten.

Tot slot, heeft de evolutie van de deeltjesfysica met zijn toename in de omvang van de
versnellers en de complexiteit van de theorieén, het vakgebied in hoge mate geavanceerd,
resulterend in een werkveld dat het gedrag van deeltjes met grote precisie kan voorspellen.
Ondanks alle successen zijn er echter nog uitdagingen voor de deeltjesfysica die in het
verschiet liggen, zoals het verklaren van DM of de wens om alle krachten te verenigen in
een enkele theorie. De zoektocht die in dit proefschrift wordt gepresenteerd, was een van de

pogingen om licht te doen schijnen op dit soort vragen. Hoewel de doorbraak nog steeds op
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zich laat wachten, maakt het dit ver ontwikkelde veld op het moment zowel spannend als

uitdagend. Het zal een groot genoegen zijn als we uiteindelijk deze doorbraak bereiken.
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