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Abstract

This thesis presents analyses performed with proton-proton collision data collected with the
ATLAS detector in 2015 and 2016 at /s = 13 TeV.

The measurement of so-called non-factorisation effects in the calibration of luminosity is
presented. An estimate of the correction, and systematic uncertainty, due to non-factorisation
on the calibration is calculated by measuring the proton bunch density profiles from the
variation in the luminosity and distribution of reconstructed vertices during beam separation
scans. The correction is applied to the calibrations of the total luminosity collected in both 2015
and 2016.

A novel multivariate algorithm designed to reject non-prompt leptons (produced from the
decays of b- and c-quarks) is presented, utilising information from nearby tracks to discriminate
from prompt leptons (produced from W, Z and H boson decays). This algorithm is used to
reject non-prompt backgrounds in the search for the associated production of a top quark
pair and a Higgs boson (tfH) in multilepton final states with 36.1 fb~! of /s = 13 TeV data.
Multilepton states refer to the Higgs boson decaying into pairs of W bosons, Z bosons or T
leptons.

The combination of the multilepton analysis with the other search analyses of tfH production in
which the Higgs decays to pairs of photons, b-quarks and ZZ — 4/ is also shown. The measured
value of the signal strength of tfH production in data is y(tfH) = 1.2 £ 0.3, corresponding to
an observed (expected) discovery significance of 4.2¢ (3.80) and constituting evidence for the
ttH production mode.

19



20



Declaration and copyright statement

Declaration

No portion of the work referred to in this thesis has been submitted in support of an application

for another degree or qualification of this or any other university or other institute of learning.

Rhys Roberts

Copyright statement

i

ii

iii

iv

The author of this thesis (including any appendices and/or schedules to this thesis) owns
certain copyright or related rights in it (the "Copyright") and he has given The University of
Manchester certain rights to use such Copyright, including for administrative purposes.

Copies of this thesis, either in full or in extracts and whether in hard or electronic copy, may
be made only in accordance with the Copyright, Designs and Patents Act 1988 (as amended)
and regulations issued under it or, where appropriate, in accordance with licensing agree-
ments which the University has from time to time. This page must form part of any such

copies made.

The ownership of certain Copyright, patents, designs, trademarks and other intellectual
property (the "Intellectual Property") and any reproductions of copyright works in the thesis,
for example graphs and tables ("Reproductions"), which may be described in this thesis, may
not be owned by the author and may be owned by third parties. Such Intellectual Property
and Reproductions cannot and must not be made available for use without the prior written

permission of the owner(s) of the relevant Intellectual Property and/or Reproductions.

Further information on the conditions under which disclosure, publication and commercial-
isation of this thesis, the Copyright and any Intellectual Property and/or Reproductions
described in it may take place is available in the University IP Policy!, in any relevant
Thesis restriction declarations deposited in the University Library, The University Library’s
regulations” and in The University’s policy on Presentation of Theses.

1 See http://documents.manchester.ac.uk/Doculnfo.aspx?DocID=24420
2 See http://www.library.manchester.ac.uk/about/regulations/

21


http://documents.manchester.ac.uk/DocuInfo.aspx?DocID=24420
http://www.library.manchester.ac.uk/about/regulations/

22



Acknowledgements

Massive thanks go to both Prof. Terry Wyatt and Dr. Rustem Ospanov for their excellent
supervision during my degree. To Terry, for offering me a chance to carry on research in particle
physics after my fourth year master’s project and for always having deep insight into any (of
the many) problems I had. And to Rustem, for stepping up as a supervisor when all the other
ATLAS analyses were taken and for always being available for a discussion or giving guidance:
I'hope he would agree that our collaboration over the last few years was very fruitful.

I would like to thank all the members of the Manchester particle physics group for being so
friendly, too large to name individually. The last few years would not have been so enjoyable

without you.

I'would like to thank my parents, Mary and Dave, for all their support over the years and to
my brother, Aron, for reminding me life is not just for living indoors.

And lastly I would like to say a huge thank you to Naomi. Over the last four years she has
always been there to support me through the inevitable ups and downs of a postgraduate

degree. I will always be grateful for her love during this time.

23



24



Preface

The author of this thesis is a member of the ATLAS collaboration. The particular contributions
of the author in the analyses detailed are as follows.

In Chapter 6, the author was responsible for the determination of the non-factorisation in beam
separation scans with the luminous region method in 2015 and 2016, under the supervision
of Prof. Terry Wyatt. This work was done as part of the author’s ATLAS qualification task,
with the work continuing past qualification. The analysis built on work previously undertaken
by Dr. Sam Webb and Mr. Yaadav Bhauruth. The entire non-factorisation correction and
systematic uncertainty on the calibration quantity, oy;s, in 2016 was determined by the author,
and the non-factorisation correction to oy;s in 2015 was determined in collaboration with the
correction determined from the coupled model method by Dr. Miguel Ignacio Arratia Munoz.
The framework within which the luminous region correction was determined was entirely
developed by the author.

The author was responsible for the development of the non-prompt BDT, presented in Chapter 7.
The work was performed under the supervision of, and in collaboration with, Dr. Rustem
Ospanov. This involved the full research and development of the novel algorithm; the produc-
tion and maintenance of the code to deploy the algorithm in ATLAS derivations; the validation
of the modelling of the input variables and discriminant in data; and the presentation, and
subsequent approval, of the novel method to the egamma, muon, flavour tagging and isolation
forum ATLAS combined performance groups.

The search for ttH production in multilepton final states, presented in Chapter 8, was performed
within an analysis group. The author was responsible for the optimisation of tight lepton
definitions used in the analysis. The optimisation included defining the pre-selection regions
for the most sensitive 2/SS and 3/ channels. The author then provided a calibration of the
optimised muon working point for prompt muons for use in the analysis. The author also
undertook cross-checks on the mis-modelling of the non-prompt BDT due to vertex density
and pileup effects.

25



26



Chapter 1

Introduction

The discovery of the Higgs boson by the ATLAS and CMS collaborations in 2012 [1, 2] was a
major milestone in the validation of the Standard Model (SM) of particle physics. Ever since,
the properties of the Higgs boson have been under scrutiny to determine whether it really is
the particle predicted by the SM. Many beyond the SM (BSM) theories predict modifications
to the properties of the SM Higgs boson in some way. Significant deviations of the properties

from the SM values could indicate new physics.

The main topic of this thesis is the search for the Higgs boson produced in association with two
top quarks, tfH. This production mechanism is rare in the SM and, until recently, has yet to
have been observed. Particles in the SM are predicted to acquire mass via the Higgs mechanism
and the top quark is (by far) the most massive particle in the theory. Therefore the measurement
of ttH will go some way to help identify the role of the Higgs boson in this phenomenon.

Particular emphasis is put on tfH production in the cases where the Higgs decays to pairs of
W bosons, Z bosons or T leptons, commonly referred to as multilepton final states. The light
leptons in these decays (electrons or muons) are prompt leptons, produced from the very fast
decays of the bosons and the slower decay of the 7. However, there can be backgrounds from
events containing non-prompt light leptons, in which the lepton is produced from the decay of
longer lived particles such as B hadrons. In some cases, the properties of non-prompt leptons are
similar to the prompt leptons. To this end, a novel multivariate algorithm to reject non-prompt
leptons has been developed. The algorithm exploits information from tracks nearby a lepton to
establish if the lepton was produced from a source with a non-zero lifetime. This algorithm
is used to improve the sensitivity in the search for tfH production in multilepton decays with
36.1 fb~! of proton-proton collision detector at a centre-of-mass energy /s = 13 TeV with the
ATLAS detector.

This thesis is structured as follows. Chapter 2 gives an overview of the Standard Model of
particle physics. Hadron collider physics is discussed in Chapter 3. The Large Hadron Collider
(LHC) accelerator and the subcomponents of the ATLAS detector are described in Chapter 4,
and the reconstruction and identification of particles from the subcomponents are described in
Chapter 5. In Chapter 6, the concept of the luminosity of an accelerator is introduced. How the
luminosity is measured and calibrated at ATLAS is presented, focusing on the measurement
of a correction, and corresponding uncertainty, applied to the calibration due to so-called
non-factorisation effects. Chapter 7 describes the novel multivariate method developed to reject
non-prompt leptons at ATLAS. The application of this method in the context of the search for
ttH in multilepton final states is discussed in Chapter 8. In Chapter 9, the full combination of
the tfH search analyses, targeting different Higgs decays, is shown. Finally, the concluding

remarks are given in Chapter 10.
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Chapter 2
The Standard Model of particle physics

The Standard Model of particle physics is a quantum field theory that describes the interactions
of matter with three of the four fundamental forces in nature: the electromagnetic (EM), weak
and strong forces. The theory is formulated from an amalgam of theoretical arguments and
experimental constraints, being one of the most thoroughly and successfully tested theories in
physics [3]. The underlying principle of the model is the local gauge symmetry of the gauge
group SU(3), x SU(2)p x U(1)y, with the non-abelian SU(3). and SU(2); groups describing
quantum chromodynamics (QCD) and the electroweak sector respectively, and the abelian
U(1)y group describing the hypercharge sector in which quantum electrodynamics (QED) is
embedded.

The elementary particles in the theory are categorised into two classes by the value of the spin
of the particle: the matter sector consisting of half-integer spin particles called fermions and
the force-carrying sector consisting of integer spin particles called bosons. The fundamental
forces are described by the interaction of the corresponding gauge (spin 1) boson with the set
or a subset of the fermions. The fermions and bosons are summarised in Table 2.1, with the

corresponding values of spin, electric charge and mass listed in Table 2.2.

The fermions are categorised into two basic types called leptons and quarks. Each group consists
of six particles related in pairs forming three generations. Each fermion has an associated anti-
particle with the same mass but opposite quantum numbers that make up anti-matter. The
leptons consist of the electron (e), the muon () and the tau (7) each with a corresponding
neutrino (v). The electron, muon and tau all have an electric charge and mass (increasing
respectively), whereas the neutrinos are neutrally charged and have very small mass. The
quarks consist of the up (1), down (d), strange (s), charm (c), bottom (b) and top (t). Each have
mass, increasing with generation, and each are electrically charged. Quarks also contain colour
charge corresponding to the coupling of the strong interaction.

All fermions interact via the weak interaction, the charged fermions interact via the electro-
magnetic interaction and only the quarks interact via the strong interaction. The gauge bosons
mediating these interactions are the photon, 7, for the electromagnetic force; the gluon, g, for
the strong interaction; and the W™, W~ and Z bosons for the weak interaction. In addition to
the gauge bosons there is a scalar (spin 0) boson in the theory, the Higgs boson, H, that gives
mass to both bosons and fermions via a spontaneous symmetry breaking of the electroweak
interaction. The discovery of this particle was a major test of the SM and a testament to the

model’s predictive power.

However, the SM is not a complete theory of the universe. It is does not describe the fourth
(and weakest) force, gravity; it does not explain the observation of the large asymmetry of
matter over antimatter; and does not explain the indirect observation of dark matter. Therefore
measurements of SM processes are vital to determine any discrepancies between experiment
and theory in which these problems may reside.
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Fermions

s () (%) (%)
s () (5) () ]

Bosons
¢ vy WH W- Z H

S o

Table 2.1: A summary of the known matter elementary particles in the SM. The red, blue and
black coloured brackets encompass the fermions that interact with the gauge bosons via the
strong, electromagnetic and weak forces respectively.

Particle Symbol Spin Electric charge Mass
electron e 1/2 -1 511.0 keV
electron neutrino Ve 1/2 0 <2eV
muon u- 1/2 -1 105.7 MeV

muon neutrino vy 1/2 0 <2eV
tau T~ 1/2 -1 1.776 GeV

tau neutrino ve 1/2 0 <2eV
up u 1/2 2/3 22704 MeV

down d 1/2 -1/3 47107 MeV

strange s 1/2 -1/3 961§ MeV

charm c 172 2/3 1.28 £0.03 GeV

bottom b 1/2 -1/3 4187002 Gev

top £ 1/2 2/3 173.21 +0.87 GeV

photon 0% 1 0 0

gluon g 1 0 0

W 4% 1 +1 80.385 £ 0.015 GeV

V4 V4 1 0 91.1876 +0.0021 GeV

Higgs H 0 0 125.09 £+ 0.24 GeV

Table 2.2: A summary of spin, electric charge and mass of the known matter elementary particles
in the SM [3]. The spin and electric charges are those stated in the SM. The quoted masses are
those measured by experiment, except for u, d, 5, ¢, b, v and g where the theoretically calculated
values are given. The unlisted anti-matter particles are assumed to have the same mass and
spin as the matter particles but with opposite quantum number.

2.1 Local gauge symmetry

The principle of symmetry is the building block of the SM. The observational Lorentz symmetry
principle states that the laws of physics do not change for an observer in different reference
frames. The symmetry implies that the product of two spacetime four-vectors, x* and y,,

My, = gy’ (2.1)

with 77, being the Minkowski metric, is invariant under transformations to the four-vectors
such as
Xt — XM= ADxY, (2.2)

where Al is a Lorentz transform. This transformation is said to be global, in that it does not
depend on the position in spacetime. A local transformation is said to be one that does depend
on the position in spacetime. The interactions between the gauge bosons and the fermions are
added to the theory by requiring a local gauge symmetry to the corresponding gauge group.
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211 Quantum electrodynamics

The principle of gauge symmetry is most easily understood by applying transformations to the
Dirac Lagrangian, defining the dynamics of a free spin—% field, p(x),

EDirac = il/_")’ﬂaylp - m?,Z’lP (23)
where m is the mass of the spinor field, y* the 4 x 4 Dirac matrices and § = §'7° the Dirac
adjoint. If we apply a global transformation to the spinor field,

P g = ey, (2.4)
where « is a real number and independent of the spacetime position, x, we see that the La-
grangian is invariant. However, under a local gauge transformation

¢ — 1/’/ _ eiezx(X)lp, (2.5)

with the phase « now depending on x and adding an additional coupling constant e, the

Lagrangian is no longer locally gauge invariant
LDirac — ilpefiezx(x),yyay (eietx(x)lp) _ mlpefiezx(x)eietx(x)lp
= i7" oy — P pe(Opalx)) — mipy (2.6)
= EDirac - e(a%“(x))lpryﬂlp
This problem is resolved by introducing the covariant derivative, Dy,

where A, is a newly introduced vector field, and making the substitution 9, — Dy. D, is
required to transform as 1 to ensure local gauge invariance and hence the newly introduced

vector gauge field, A;, must transform as
Ay — Ay =Au+ 9u(x) (2.8)

The only other locally gauge invariant term involving A, that can be introduced to the La-
grangian is the kinetic term, —%FWFI“’, where F/ is the field strength tensor given by the

commutator of covariant derivatives,

i
Fy = _E[DH'DV] =0, Ay — Ay (2.9)
One notices that if the A, mass term, mTZA uAt, is added to the Lagrangian then local gauge

invariance is not retained and hence A, is forced to be massless, m = 0.

Adding all the pieces to the Lagrangian results in LoEep,

1 . . _
Loep = —ZLFWFW + ipy” (ay + 15Ay)¢(x) — mipy

1 . _ _
= _ZLFWFW + iy o — e PP Ay — mpy.

(2.10)

The new term in the Lagrangian in Equation 2.10, —ey*{§A,, is an interaction term implying
a coupling of the spinor field, ¢, with the vector field, A;, with coupling strength, e. The
Feynman rule for this interaction is given by

Ay = ieyy. (2.11)
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Ay is in fact the electromagnetic potential and e the electric charge of the fermion field. Hence, by
simply requiring local gauge invariance in the theory, we have introduced a new massless vector
field that corresponds to, under a more complete electroweak treatment (see Chapter 2.3.2), the

electromagnetic force mediator; the photon.

2.1.2 Non-abelian gauge symmetry

In Section 2.1.1, the local gauge transformations can actually be considered to be one dimen-
sional unitary matrix transformations, U. The group of these unitary matrices is U(1) and the
local gauge symmetry is an abelian (commutative) U(1) gauge invariance. The idea of group
symmetry is trivial for the one dimensional case but becomes intrinsic in more complicated

group symmetries.
For the non-abelian SU(N) groups, a local gauge transformation is of the form

Yo =Ulx)yp

o 2.12)
— o i8n (x)T i

where T’ are the N2 — 1 generators of the SU(N) group and g is a coupling constant. U(x)
is of the form of a unitary N x N matrix with unit determinant, defined as the fundamental

representation. The generators, T', satisfy the Lie algebra
[T, T/] = ifiikTk (2.13)

with £/ being the structure constants of the group. Analogously to Equation 2.10, a covariant
derivative is defined to ensure local gauge invariance under SU(N) transformations

Dy, =3y, +igT' A, (2.14)

with the gauge fields, Al , being linear combinations of the generators, Ti. As with the abelian
case, D,y is required to transform like ¢ and thus A, must transform like

Ay = Al = U(x) AU (x) + ;U(x)[ayu_l(x)] (2.15)

to retain the symmetry. The field strength tensor is found to be

Fu = 0, Ay — 9y Ay — ig[Au, Ay’
o O oA s ) 216
The final term is due to the non-abelian nature of SU(N) and is responsible for self (and higher

order) couplings of the gauge fields A;.

2.1.3 Quantum chromodynamics and SU(3). symmetry

Quantum chromodynamics (QCD) is the theory that governs the dynamics of particles that
couple via the strong force. QCD has a SU(3). local gauge symmetry, with ¢ denoting colour.
There are eight generators, T, = %/\” with A% the Gell-Mann matrices, which define the trans-
formations

P o = BTy (2.17)

with a new coupling constant for the strong force, gs, being introduced. The generators obey

the commutation relation
[T%, T?) = ifbere (2.18)
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defining the Lie algebra of the group discussed in Section 2.1.2.

The quark fields carry colour charge and transform as a triplet in the fundamental representation,

Pr
v=1| v |- (2.19)
%

The 7, b and g indices correspond to the specific colour charge of the quark; called (somewhat
arbitrarily) red, blue and green. The eight new gauge fields required to retain local gauge
symmetry belong to the gluon, g. The gluon also has colour charge but in a different way to the
quarks. Gluons have both colour and anticolour (rg, b7 etc.) and act by converting the colour of
two quarks that couple with it, conserving colour at the vertex':

B}
B}

As in Section 2.1.2, we define a covariant derivative that ensures local gauge invariance under
SU(3), transformations
Dy =9, + igs%)\”GZ, (2.20)
with the G;; corresponding to the eight gluon fields. If the QCD kinetic term is evaluated with
the newly defined Fj,
Fi, = 0,Gl — 9,Gy — g f"GL G, (2.21)

we find that self and quartic couplings of gluons are allowed by the theory:

These self couplings contribute to the two distinct features of QCD; asymptotic freedom and
confinement, discussed below.

The strong coupling constant is commonly written as

2
ts = f—;. (2.22)
It is found that, in higher orders of perturbation theory, the strong coupling a; depends on the
energy scale of interactions, Q?. Comparisons of theoretical calculations and measurements of
this running behaviour can be seen in Figure 2.1. The scale dependence can be seen clearly in

the one-loop approximation of «s,

1

"CS(QZ) ~ .
ﬁoh’l%

(2.23)

n fact the colour charge representation of the gluons is not quite as simple as shown here; the different colours are
in a superposition of states, such as (g +7g)/v/2.
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Figure 2.1: Measurements of the value of the strong coupling constant, ag, as a function of
momentum transfer, Q [3]. The respective order of QCD perturbation theory used in the
extraction of «; is indicated in brackets. The order of calculations is introduced in Chapter 3.

Here B is the first order perturbative constant such that
~ 33—2N¢
- 12n
with Ny the number of quark flavours that can appear in the loop. The QCD scale, A, is

0 (2.24)

introduced and is typically set to the energy scale at which as starts to get very large (A ~
200 MeV). So at high energy scales we have that «; is small which gives quarks free behaviour
at high energies (asymptotic freedom), and at low energies a; is large leading to so-called
confinement; the observation that individual free quarks are not observed and instead are

detected in strongly bound colourless states called hadrons.

2.1.4 The weak interaction and SU(2) symmetry

The method for constructing gauge invariant Lagrangians for QED and QCD can now be
turned to the weak interaction, which has a SU(2) gauge symmetry. The charged weak
interaction is known to only couple to left-handed leptons, as measured by parity violation
measurements [4, 5]. Left or right-handedness refers to the chirality of the particle. The left or
right-handed projections of a spin—% field are given by the operators

1 1
Pr=-(1+7° PL=-(1-7
R 2( +77), D 2( )
acting on the spinor, ¥ = g + 1,
lPR,L — PR,LlP' (225)

To align with the observation of parity violation, only the left-handed neutrino is allowed to
interact via the weak force. Hence left-handed fields are made to transform as weak isospin
doublets in SU(2);, and the right-handed fields as scalars. For example the first generation
left-handed lepton and quark fields are given as

v [ u
Yr = o | YL = 7 )
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with the notation for the quark doublets discussed further in Section 2.4. In this form there is
no coupling of right-handed neutrinos in the weak interaction by construction.

We can introduce the weak isospin quantum number, I, analogously to charge, Q, for the
electromagnetic interaction. Left-handed isospin doublets have I = % with the upper and lower
members of the third component of isospin, I3, satisfying I3 = :I:%. The right-handed fermions
thus have [ = I3 = 0.

SU(2) gauge transformations to the isospin fields are of the form

P — 8Ty (2.26)

with the generators T' = %O’i and ¢’ being the three Pauli spin matrices. A new coupling

constant for the weak interaction is also introduced, g. The antisymmetric Levi-Civita tensor,
€'l¥, defines the structure constants of the group and the covariant derivative that enables gauge
invariance for SU(2) is given by

1 . 1 w3 wl — w2
D, =09, +ie=c'W' =9, +i¢= # # o, 2.27
b= o tigy ntigs ( WL+iW2 W3 (2:27)

with three new gauge fields, W/, being introduced.

2.2 The electroweak interaction

A SU(2)r x U(1)y symmetry represents the unified electroweak theory [6, 7, 8]. It is based on
the conservation of hypercharge, Y, related to the third component of weak isospin, I3, and
electrical charge, Q, by

Y =2(Q-I). (2.28)

The introduction of the hypercharge quantum number is essential to the unification of the
two different interactions; there are no right-handed fermion interactions in the weak SU(2)
sector, but there are in the electromagnetic theory. The generator of the U(1)y group is now
hypercharge, and the covariant derivative for the electroweak interaction can be defined

Dy =0y + ig’%YBH + ig%oiwi, (2.29)

with a new gauge field B, being introduced to ensure U(1) gauge invariance and defining a
new coupling constant for U(1)y, ¢’. The relation of g’ to elementary electrical charge, ¢, is
discussed in Section 2.3.2.

Now we have a unified electroweak interaction. So far we have been forced to set the mass
of the gauge fields in the theory to zero to ensure the Lagrangian remains gauge invariant.
However, we know the W* and Z are massive bosons. It should also be noted that the fermion
mass term discussed as a component of the Dirac Lagrangian, m, is no longer gauge invariant
in SU(2)1 due to the mixing of left- and right-handed fermion fields. Both gauge bosons and
fermions now need to gain mass in some way.

2.3 The Higgs mechanism

So far we have added gauge bosons to the theory by requiring local gauge invariance of the
Lagrangian. However, we know the typical mass terms for the gauge bosons in the Lagrangian,
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%miAyA”, cannot be explicitly added since these terms break local gauge symmetry. This
problem in the SM is solved by spontaneously breaking the local electroweak gauge symmetry
with the inclusion of a new complex scalar field [9, 10, 11]. This same mechanism produces

mass terms for fermions in a natural way.

2.3.1 Spontaneous symmetry breaking with a complex scalar field

The complex scalar field, ¢ = \% (¢1 + i), has Lagrangian

L= ()" (") = V(9)

(2.30)
= (up)* ("¢p) — 12 p — A(§*¢)*.

The parameters y and A are chosen so that 42> < 0 and A > 0, giving the potential, V(¢), a
Mexican hat shape, as shown in Figure 2.2. This potential now has degenerate minima along the

V(¢) V(¢)

1 M
(a) (b)

Figure 2.2: A diagram illustrating the Mexican hat potential of the Higgs field in terms of the
real (¢1) and the imaginary (¢2) components of the complex scalar field, ¢, for A > 0 and (a)
#? > 0and (b) u2 < 0.

complex circle, described by

42
Po=9i+ep= =7 231)

with v the now non-zero vacuum expectation value of the scalar field corresponding to the
value of ¢ at the new minima of V(¢). Note that there is only one minimum at ¢; = ¢ = 0if
was required to satisfy y? > 0, as seen in Figure 2.2a.

One notices that the Lagrangian in Equation 2.30 has a global U(1) gauge symmetry for
transformations such as ¢ — ¢’ = e~"*¢. If we choose an arbitrary vacuum state from the
complex circle of minima defined by the new potential, so that ¢ # 0, and apply a global gauge
transformation, then ¢ is transformed to a new vacuum state on the circle of minima which
spontaneously breaks the U(1) gauge symmetry. The Lagrangian itself remains gauge invariant.

This process is known as spontaneous symmetry breaking.
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The result of such symmetry breaking in the theory can be studied by exciting a chosen vacuum
state. Choosing the real minimum, (¢, ¢2) = (v,0), for the vacuum gives

_ vtn(x) +ip(x)
(P(X) - \/E 4

with 77 and p being new fields reflecting the deviation from the true ground state. The La-

(2.32)

grangian becomes

1 1 A Aa A
L= 5@u0) (") + 5 (0u) (") + 20 = Alne? + %) = S0’ = ' = o' (239)

Note that now the Lagrangian contains a massive scalar field, #, with mass

1
- Em% =p? = my = /242, (2.34)

and a massless scalar field, p (due to the vanishing p? term). The p is an unphysical Goldstone
boson that is theorised to appear whenever a continuous global symmetry is spontaneously
broken.

If one instead considers a local gauge transformation of ¢ then the generic gauge field A, that
is introduced to retain the local gauge symmetry as discussed, itself gains a mass term through
the interaction with the massive scalar field. The method by which the W* and Z bosons gain
their mass through this mechanism is discussed below.

2.3.2 The Standard Model Higgs mechanism

In the SM the local electroweak gauge symmetry is spontantaneously broken. The scalar field
that does this is the Higgs field which is written as an SU(2) isospin doublet,

+ 1 H
o= 4’0 _ L[ tie ) (2.35)
¢ V2 \ ¢3+igs
containing the charged, ¢, and neutral, $°, complex scalar fields. The Lagrangian now has the

form

L = (Dug)' (D'9) — 1?p"p — A(9"9)?, (236)
with D, the covariant derivative for the electroweak SU(2); x U(1)y symmetry. The potential
V(¢) has minima at ¢*¢ = v?, and thus a vacuum state can be chosen:

1 =¢r=¢s =0,
¢3 = 0.

Notice that only the real component of the neutral scalar field is given a non-zero value. The

(2.37)

physical Higgs field, H(x), can now be introduced by expanding around this vacuum state

1 0
¢(x) = 7 ( ot H(x) ) . (2.38)

This choice of real vacuum state is called the unitary gauge. Using Equation 2.28 we can state
Y = 1 for the Higgs doublet and thus, by evaluating the (D,¢)"(D¥¢) term in the Lagrangian
in Equation 2.36, we find there are two mass terms for the gauge fields,

1 1
Lmass = g8 (W) + (Wi)?) + 5o (8'By — gW)? (239)
= %v2g2w;w—” + %vz(g’Bu — W)’
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using the relation,
1

WE = — (W' £iw?), 2.40
ﬁ( ) (2.40)
in the second line. The first term in Equation 2.39 is quadratic in W* and hence is the expected
mass term. Myy is thus given by
1 v2g5 v
2 2,2 2 g
_1 _ _ % 2.41
mly = 10°% = my = | 2 =2 41)
with the usual factor % emitted due to the mass term describing the two W bosons. The second
term in Equation 2.39 contains the two neutral B, and Wﬁ fields. If one introduces the so-called
weak mixing angle, Oy,
gsinfyy = ¢'cosfyy = e, (2.42)

then the B, and WE{ fields can be mixed into the observable Z and photon fields, Z, and A;:
Ay _ CO.SGW sinfyy B,,3 . (2.43)
Zy —sinfy  cosfyy Wy

In this form only a mass term for the Z,, field is retained,

_ &Y
M2 = S ot (2.44)

and the mass of A, is zero. The photon field is also forced to only couple to charge, as

observations require.

Three of the four degrees of freedom of the Higgs field are used to give mass to the weak bosons.
The final degree of freedom also gives the excitation of the Higgs field, the Higgs boson, a mass.

2.3.3 The Yukawa interaction

The Higgs mechanism also provides gauge invariant mass terms in the Lagrangian for fermions.

The standard mass term in the Dirac Lagrangian is

—mpp = —mp pr — mPrYr (2.45)

This is not invariant under SU(2); gauge symmetry. Instead mass terms can be produced from
the Higgs mechanism by specifying a coupling, y, between fermions and the Higgs which is
SU(2); invariant:

Lyukawa = —Y(PLPYR + PrOYL). (2.46)

This coupling is known as the Yukawa coupling. This term not only describes the interaction
of the Higgs field with the fermions but also a fermion mass term when the Higgs field has
a non-zero expectation value, as shown in Equation 2.37. Taking the first generation lepton
doublet as an example,

Egz—yg[( % E)L\}E<U—SH )eR—i-e‘R\l@( 0 v+H ) < Z )L]

= —M(EWR + éger.)

V2 (2.47)

= —T—fe— =
2
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The first term is the mass term for the electron, m, = %, and the second the Higgs-electron
interaction term. One notices that the coupling of the Higgs with a lepton pair is proportional
to the mass of the lepton and that, in the unitary gauge, the neutrino does not interact with the

Higgs or gain a mass as required, due to the charged upper element of ¢ being chosen as zero.

2.4 Electroweak quark sector

The Higgs mechanism can also be used to give mass to the quarks. Analogously to the leptons,
we can construct SU(2), isospin doublets

(2)-()-() e

The d’, s’ and V' correspond to the weak eigenstates of the d, s and b quarks, which are
themselves in mass eigenstate form. These mass eigenstates do not correspond directly to
the weak eigenstates that are concurrent in electroweak interactions. The difference between
mass and weak eigenstate is analogous to neutrinos; this is the mechanism that drives flavour-
changing oscillations [12].

The mass eigenstates can be rotated into the weak eigenstate basis via the CKM matrix, Vcxam,

d Vud Vs Vub d
s/ = Vi Vs Vg s |, (2.49)
v’ Vie Vis Vi b

with the square modulus of the CKM Vs elements, |V, |?, describing the probability of the
transition g — ¢’ of two different quark flavours g, 4. This results in the possibility of inter-
generation flavour changing quark decays. For example, there is an approximate 5% probability
(from |V,4|?) that a c-quark will decay to a d-quark (right), rather than the expected s-quark

(left):
s d
c—»— c—p»—
w+ wt

The above processes are flavour changing charged current processes, since the processes are
mediated by the charged W boson. It should be noted that so-called flavour changing neutral
current processes are not observed (at tree level) in nature and are forbidden in the SM.

The quark isospin doublets are acted on in the same way as Equation 2.47 to give mass
to the down-type quarks. The up-type quarks require the conjugate Higgs doublet, ¢, to
spontaneously break the gauge symmetry,

¢ = ( _4_);_ >, (2.50)

which results in the required form for up-type masses in the unitary gauge

1 v+ H(x)
4)“_\6( . ) (2.51)
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Hence, the masses of the quarks, mg, both up- and down-type, relate to the corresponding
Yukawa coupling, y4, in the same way as the leptons:

my = % (2.52)
This is the final piece of the puzzle. By requiring a local SU(3). x SU(2); x U(1)y gauge
symmetry and introducing a heavy scalar boson to spontaneously break this symmetry, we
have arrived at the Standard Model of particle physics.



Chapter 3
The physics of hadron colliders

This thesis focuses on the analysis of proton-proton (pp) collisions measured with the ATLAS
detector. The study of these collisions allows one to test the predictions of the SM. However,
from the quark model we know that protons themselves are not elementary particles; they
are composite particles called hadrons (specifically baryons), made up of quarks and gluons.
The kinematics of these composite particles are more complicated than the bound partons
themselves. The physics of the collisions of these partons, and by extension the proton, is
discussed below.

3.1 Cross sections

A particularly important quantity to test the validity of the SM is the cross section (¢) of a
particular process. The cross section is a quantum-mechanical probability for a particular
particle interaction to take place. The total inclusive cross section for such a process can be
measured and the cross section can in addition be measured differentially; as a function of
kinematic properties of the final state. This allows for a plethora of theoretical calculations to
be validated experimentally.

The differential scattering cross section, do, for two incoming particles, i, resulting in some final
state, f, is given by

do =

| Ml
APy, (3.1)

F
where M; is the Lorentz-invariant matrix element governing the probability of the transition
i — f, Fis a flux factor and d®y a Lorentz invariant phase space factor for the N final state

particles [13]. The d®y can be written as

N

d
Aoy = (27)46* (py + pa — sz 1‘[ ”l) (27)8(p? — m?), (3.2)

where p;, and p; are the initial and final state particle 4-momentum respectively and m; is
the mass of a final state particle. The first delta function ensures conservation of momentum
between the initial and final states and the second to ensure produced particles are on-shell; they
satisfy the classical equations of motion.

It follows that cross section calculations typically involve integrals with a large number of
dimensions. They can thus be extremely computationally expensive to compute analytically.
These integrals are estimated using Monte Carlo (MC) simulation, described in Section 3.2.

3.1.1 Matrix elements

The matrix element, M, is calculated using interaction terms determined from Feynman
diagrams for the interesting process. The interaction term of an electron-positron pair with a
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photon is given in Equation 2.11 above. Vertices for a quark-gluon interaction

q
. 1.,
G = igs 1z A" (33)
q
and leptons, ¢, interacting with a W boson
Vv
W- =i 4.(1-9% (3.4)
-
and a Z boson
o+
7 =i 51— 4sin8y — °) (3.5)
H 4cosOy T W ’
-

are given with their corresponding interaction terms. These terms are used in the calculation
of the matrix element for the corresponding process. It is possible for different diagrams to
contribute to the same process (i.e. same final state) and thus interaction terms must be summed
to obtain the full matrix element. The addition of multiple processes can result in constructive
or destructive quantum-mechanical interference.

3.1.2 Next-to-leading order corrections

So far the matrix elements are calculated from Feynman diagrams at tree level; at the first order of
perturbation theory. The interaction terms are taking the first relevant term in the perturbative
series in the relative coupling constant. In fact, Feynman diagrams with higher order terms
of the coupling constant can contribute to the cross section in question. These higher order
terms can come in the form of loop diagrams or real emissions of partons. A tree level, or
leading-order (LO), and two next-to-leading order (NLO) QCD Feynman diagrams for a gluon
splitting into a pair of quarks (g — g47) are shown in Figure 3.1.

Divergences appear when calculating NLO cross sections in QCD. These occur when a gluon is
emitted collinearly from a quark or at very low energy (infrared divergences) and at high energy
(ultraviolet divergences). The ultraviolet divergences are mitigated using renormalisation
procedures. The infrared divergences are worked around by applying infrared subtraction
algorithms that aim to cancel the virtual and real emission terms, in Figures 3.1b and 3.1c

respectively.

3.1.3 Cross sections at a hadron collider

So far only cross sections for incoming elementary particles has been discussed. Protons are

however not elementary particles.
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Figure 3.1: Feynman diagrams for f at (a) tree level and (b,c) NLO, where (b) shows a virtual
emission of a gluon and (c) a real emission.

The differential cross section for a process with two initial protons, p; and py, to some final
state X is defined as the sum of partonic cross sections, 0g1g0— X

Aoy, p,—x = / dxydx; Z far (x1, V%—")f@ (x2, V%)d&%qz%X (x1X28, PR, HF)- (3.6)
q1.42
The f,(x, u%) are parton distribution functions (PDFs). These PDFs describe the probability
density that parton g, carrying momentum fraction x, of hadron p, at scale y%, enters the hard
scatter process. Hard refers to the amount of transferred energy between the partons and thus
events with large momentum in the plane transverse to the collision are hard.

Parton distribution functions are determined from different types of experimental data, typically
including DIS (deep inelastic scattering) data from the electron-proton HERA collider. They are
parameterised as a function of x for a reference scale Q3. The evolution of the PDF to different
scales, Q?, are calculated using the DGLAP equations [14, 15, 16] and model the changes in
momenta of different species of parton due to gluon emissions and splittings.

The MSTW NLO PDF sets are shown in Figure 3.2, at scales of Q% = 10GeV? and Q? = 10* GeV?2.
Roughly half the total momentum of the proton at any one time is from gluons, with the other
half typically being from up and down quarks, as one would expect. The probability of heavier
quarks contributing to the PDF increases with Q2. The CTEQ [17] and NNPDF [18] PDF sets
are those commonly used in simulation at the LHC.

The scale that PDFs are defined at is called the factorisation scale, ,u%. This scale is set such as
to separate long and short distance interactions. The calculation of the cross section is then
factorised; perturbation theory is used to calculate the high energy (small a;) partonic cross
sections, and the soft processes (large ;) that cannot be calculated in perturbation theory
are enveloped into the experimentally determined PDF; thus considered to be part of the
hadronic structure. The choice of factorisation scale is somewhat arbitrary and introduces a
theoretical uncertainty in the calculation of the cross section. This uncertainty can be deduced
by modifying the factorisation scale and observing the difference in calculated cross section.

3.2 Monte Carlo simulation

Calculating cross sections is a difficult task. A typical event can contain hundreds of particles
in the final state, and thus the resulting integrals contain a large number of dimensions. Monte

Carlo (MC) techniques in event generation are ideally suited to the task. A simple description
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MSTW 2008 NLO PDFs (68% C.L.)
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Figure 3.2: Parton distribution functions (PDFs) x f(x, Q%) as a function of parton momentum
fraction, x, at scales Q% = 10 GeV? (left) and Q? = 10* GeV? (right) [19].

of MC simulation is given in Section 3.2.1, the event generation procedure in Section 3.2.2 and
event generators used in ATLAS MC simulation in Section 3.2.3.

3.2.1 Simple description

Suppose there is a variable, I, which is calculated by integrating a function f over an arbitrary

variable x in the range x; to x; in one dimension,
X2
= / F(x)dx. (3.7)
X1
The Monte Carlo technique estimates this integral by a finite sum
1 N
I~ Iyc = (xz—xl)ﬁ Y f(xi) (3.8)
i=1

for N generated events, with Ijc the estimate of I. Taking the limit N — oo results in the
convergence of I c to the true value I, Iyjc — 1.

It can be shown, using the central limit theorem, that

(f)
I~ Iyc £ —== .
MC N (3.9)
with 0?(f) the variance of the function f. The average error on Iyic, 07,,., is thus given by
o
UIMC = \;fﬁ), (310)

with o(f) the corresponding standard deviation of f(x). That is the error in the MC estimate of
the integral scales by 1/+/N. This formalism is trivially extended to n-dimensional integrals,
with the error still scaling by 1/ V/N [20].

3.2.2 Particle event generation

The MC event generation in hadronic physics is split up into a number of steps.
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3.2.2.1 Matrix elements

Firstly, as discussed above, the matrix element amplitudes are calculated using perturbation
theory at the desired level, with the phase space integration being performed by MC techniques.
Typically matrix elements are calculated at LO or NLO. The procedure for LO diagrams
contributing to the process is generally automated with modern MC event generators. Some
event generators automate the NLO calculations but otherwise these are performed manually.

Typically physics processes in this thesis are modelled and simulated at NLO accuracy.

3.2.2.2 Parton shower

The Feynman diagrams that are used to calculate matrix element amplitudes are just one part
of the picture at a hadron collider. One needs to understand how these partons evolve. A final
state parton would never be measured as such, but instead as a number of clustered colourless
composite hadrons, called a jet.

The coloured partons involved in the hard process radiate partons sequentially until observ-
able low energy final state hadrons are produced. This showering can be modelled by QCD
perturbation theory from the high momenta of the hard process down to the momentum scale
of confinement, where the theory breaks down and becomes no longer valid. However, the
amplitude calculations for these high multiplicity events become extremely complex and parton
shower algorithms are used to augment the matrix element calculations. These parton shower
algorithms treat the radiation of additional partons, including the effect of soft and collinear
emitted partons, that would otherwise cause divergences in the integrals. Matching is required
between the matrix element and parton shower calculations to avoid double counting of parton

radiation in regions of phase space to which both can contribute.

3.2.2.3 Hadronisation

We know that individual partons are not observed in nature, but combine to form hadrons. The
parton shower evolves the hard scatter to partons at low energies, but cannot describe how
these partons are bound into hadrons due to the break down of perturbation theory at large as.
These low energy partons are converted to the colourless hadrons using hadronisation models,
utilising Lorentz invariance to model how low energy QCD evolves. The common models used
by modern MC event generators are the Lund string model [21, 22] and the cluster model [23].

3.2.2.4 The underlying event

The underlying event is defined as any additional activity in an event not specifically from
the hard scatter partons. The other partons within the protons that are not involved in the
hard scatter process (the spectators) still have a high probability of interaction with one another,
separate from the hard scatter. Such events are typically soft but can modify the colour flow in
an event in such a way as to modify final state predictions. One such modification could be the
multiplicity of hadronic jets within an event.

3.2.2.5 Pile-up

Typically bunches of hadrons (in this case protons) at hadron colliders are accelerated and
brought together for collision. Another effect similar to the underlying event is pile-up: addi-

tional (usually soft) proton-proton collisions producing activity in the event at the same time
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as the hard collision. The pile-up can be in-time or out of-time, referring to whether the soft
collision occurred in the same bunch crossing as the hard scatter of interest or another respec-
tively. These events are simulated separately from the hard scatter as inelastic proton-proton
collisions, or minimum bias events. They are then later overlaid on the simulated hard scatter.

3.2.3 Event generators

There are a number of MC event generators that generate events for the different stages
discussed above. The main general purpose MC event generators are PYTHIA [24, 25, 26],
HERWIG [27, 28] and SHERPA [29]. As discussed above, all these generators can automatically
calculate LO matrix elements for the process in question. They then run through the full chain of
generation; calculating phase space integrations and then applying parton shower algorithms,
hadronisation and underlying event models. These generators are sometimes called shower
MC generators, since they model the full event.

If NLO accuracy is requested then NLO MC event generators are also available, such as
POWHEG [30, 31] and MC@NLO [32]. The NLO matrix elements produced from these gener-
ators, only containing bare partons, are matched to the general purpose generator of choice
which models the remaining event evolution. In fact, the general purpose SHERPA generator
can also automatically generate NLO matrix elements and match them to its internal parton
shower algorithm [33].

So far events have only been produced at particle level. When comparing simulated MC events
with real data from an experiment, one needs to understand how the raw particle level events
are affected by their passage through the detector. Typically the generated MC events above
are passed through the GEANT4 [34] simulation toolkit to model such effects. The detector
response is then modelled by a digitisation stage before particle reconstruction is performed.



Chapter 4
The ATLAS detector at the Large Hadron Collider

The ATLAS experiment [35] is a general purpose particle detector situated in the Large Hadron
Collider (LHC) at CERN near Geneva, a particle accelerator built across the French-Swiss border
[36].

The LHC and surrounding accelerator complex is discussed in Section 4.1 and each component
of the ATLAS detector in Section 4.2.

4.1 The Large Hadron Collider

The LHC is a 27 km circumference circular synchotron particle accelerator, capable of colliding
particles with a centre-of-mass energy of up to /s = 14 TeV. The nominal physics program at
the LHC utilises proton-proton collisions, but also has the capability of colliding heavy ions'.

Only proton-proton collisions are considered in this thesis.

The full CERN accelerator complex is shown in Figure 4.1.
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Figure 4.1: The CERN accelerator complex [37].

The LHC ring is not entirely circular; it contains eight 530 m straight sections with arcs in
between each. The ring itself contains two beam pipes for the counter rotating protons, with
the beams being brought together for collision and detection by four major experiments in the
straight sections. The other general purpose particle physics experiment on the ring is the CMS
experiment [38]. The ATLAS and CMS experiments are labelled "general purpose" since they
are designed to cover as much solid angle around their collision points as possible to ensure

1Such as lead (Pb) ions and, in 2017, intermediately heavy xenon (Xe) ions.

47
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maximum detection of particles from interesting physics processes. They were primarily built
to detect the Higgs boson, which was discovered in 2012 [1, 2], and to search for any BSM
physics. The other two main experiments on the LHC ring are the LHCb experiment [39], a
forward detector designed for precision heavy-flavour quark measurements, and the ALICE
experiment [40], designed to study quark-gluon plasma in heavy ion collisions. Three smaller
experiments exist on the ring located near to three of the four main collision points; the LHCf
experiment [41], designed to measure neutral particles emitted in the forward regions of LHC
collisions; the MOoEDAL experiment [42], designed to search for magnetic monopoles amongst
other exotica; and the TOTEM experiment [43], designed to study diffractive scattering and to
measure the total elastic proton-proton cross section at the LHC.

A combination of linear and smaller synchotron accelerators, known as the LHC injection chain,
consecutively increase the energy of the proton beams provided to the LHC. The final accelerator
in the chain is the Super Proton Synchotron (SPS), which injects 450 GeV protons into two of the
straight sections of the LHC ring. The SPS itself has a rich physics program associated with it,
with the discoveries of the W and Z bosons at the UA1 and UA2 experiments [44, 45, 46, 47] and
the discovery of charge-parity (CP) violation in neutral kaon decays at the NA48 experiment [48]
particular highlights . The beams are captured and accelerated up to the maximal proton energy
of 7 TeV in 400 MHz superconducting radio-frequency (RF) cavities. The cavities sort the beam
into buckets in 2.5 ns spacing; one in ten bunches are nominally filled with protons giving a
bunch spacing of 25 ns. This allows for a maximum of 3564 bunches in the LHC at any one
time, which is decreased to 2808 due to operational limitations.

The proton beams are bent in the arcs of the LHC ring by 1252 superconducting dipole magnets,
capable of producing a magnetic field of up to 8.3 T. The dipole magnet system provides
oppositely directed magnetic fields for each beam pipe, allowing for the counter-rotating
positively charged beams. Quadrupole magnets are used to squeeze and focus” the beams
to provide more proton-proton collisions at each of the collision points. Even higher evenly
dimensional pole magnets (multipoles) are used to correct beam orbit distortions.

A typical proton bunch contains approximately 10!! protons. During physics runs the LHC
delivers the proton bunches in trains, with a bunch crossing rate of 40 MHz. The amount
of proton-proton collision data that is delivered by the LHC and recorded with the ATLAS
detector is quantified by a quantity called luminosity, £, characterising the instantaneous rate
of proton collisions. The total amount of proton-proton data recorded is measured in integrated
luminosity, [ Ldt, typically in units of inverse femtobarns, fb~1. The total cumulative data
delivered by the LHC and recorded by ATLAS is shown in Figure 4.2 for 2015 and 2016. The
definition, measurement and calibration of luminosity is discussed in detail in Chapter 6.

There are three run periods foreseen for the current accelerator: Run-1 spanning 2010 to 2012
at /s = 7 TeV (2010 and 2011) and /s = 8 TeV (2012), Run-2 spanning 2015 to 2018 at
v/s = 13 TeV and Run-3 spanning 2021 to 2023 at /s = 14 TeV. This thesis will solely focus on
data collected in 2015 and 2016 at /s = 13 TeV.

2A single quadrupole magnet would focus the beams in one plane and defocus in the other. However if two
quadrupoles are employed with their focusing directions orthogonal to one another, a net focusing can be achieved.
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Figure 4.2: The cumulative integrated luminosity, | £dt, delivered by the LHC (green) and
recorded by the ATLAS detector (yellow) for the (a) 2015 and (b) 2016 data taking periods. The
difference in value respects the inefficiency of data acquisition by the ATLAS detector and is at
the level of 7 to 8% for both years.

4.2 The ATLAS detector

ATLAS is a 7000 tonne, approximately cylindrical detector with a length of 44 m and diameter
25 m. A cut-away view of the detector is shown in Figure 4.3, with the main detector and
system components labelled. ATLAS comprises of three main detector systems.

Nearest to the beam pipe is the inner detector, used for reconstructing tracks of charged particles
in the high radiation region near the interaction point. The inner detector consists of three main
sub-systems: the pixel detector, the semiconductor tracker (SCT) and the transition radiation
tracker (TRT). Each subdetector has fine granularity to accurately track the position of charged
particles as they pass through the inner detector. The inner detector is surrounded by a solenoid
magnet, designed to produce an axial magnetic field to bend the charged particles and allow
for momentum measurement. The inner detector and the solenoid magnet system is further
discussed in Section 4.2.2.

Encompassing the inner detector are the electromagnetic (EM) and hadronic calorimeter sys-
tems, designed to measure the energies of incident particles by total absorption. The EM
calorimeter is designed to accurately measure the deposited energy of electrons and photons
and the hadronic calorimeter is designed to measure the deposited energies of hadronic jets.
The calorimeters are described in detail in Section 4.2.3.

The final detector system, furthest from the beam-pipe, is the muon spectrometer (MS). A
toroidal magnet system intertwines with the MS, allowing for precise measurements of muon
momentum. The MS and the toroidal magnet system are discussed further in 4.2.4.

421 Coordinate system and nomenclature

A right-handed coordinate system is employed by ATLAS [35]. The z-axis is defined as parallel
to the proton beam line that travels longitudinally through the cylindrical detector. Proton
beam 1 travels clockwise around the LHC ring (passing from positive to negative z through
ATLAS) and beam 2 counter-clockwise (negative to positive z). ATLAS is symmetrical in the
plane transverse to the beam and hence polar coordinates are used. The positive x-direction is
defined as pointing towards the middle of the LHC ring and the azimuthal angle, ¢, is defined
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Figure 4.3: The ATLAS detector [35].

as the angle measured from positive-x in the transverse plane. The polar angle, 0, is defined as
the angle measured from positive-z.

Variables are typically measured in the transverse plane in ATLAS, due to hard scatter collisions
producing particles with large transverse momentum, pr, and energy, Et. The transverse
momentum of a particle is related to the total momentum, p, by

pr = psind, (4.1)

and transverse energy is defined as

Er = \/p3+m?, (4.2)

where m is the mass of the particle. A missing transverse momentum, piiss, is also defined that
typifies the imbalance of pr measured in an event. It is given as the negative vector sum of the
transverse momentum of all reconstructed particles

P = — ) pFe. 43)

The missing transverse energy, X, can subsequently be defined as the absolute value of
missing transverse momentum
B = |pis. @)

Signatures of ETS in an event can be used to indirectly measure the momentum of particles
that do not interact in the detector, such as neutrinos. Large values of EITniss could also be an
indication of new physics and thus such signatures are used in BSM search analyses at ATLAS.

Another useful property is the invariant mass of a system, m, which can be defined from the

total energy and momentum of that system:

m=/(LE? - (Tp)> (45)
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The invariant mass is determined from quantities which are conserved during a decay and is
thus Lorentz invariant. If one calculates the invariant mass using the energy and momentum of
the decay products of a single particle then the invariant mass of that system is equal to the
mass of the particle that decayed. It is thus a very useful property to use in the search for new
particle resonances.

Typically the systems of particles produced from colliding partons with a difference in momen-
tum are boosted longitudinally. The difference in polar angle, A6, between two particles is not

Lorentz invariant under such boosts. This problem can be solved by defining the rapidity, v,

_1 E+p:
y—21n<Epz), (4.6)

with E and p, the total energy and longitudinal momentum of a particle. Rapidity has the
desired property that the rapidity difference, Ay, of two particles is Lorentz invariant for
boosts along the longitudinal z-axis. Taking the massless limit results in the definition of
pseudorapidity, #:

0
n= —ln(tani).

4.7)
This massless limit is a good approximation due to the high energy particles produced by the
LHC collisions, such that E > m. This Lorentz invariant property of Ay leads to 77 being the
preferred choice for polar coordinate over 8. Now the azimuthal and polar coordinates are

defined, one can also define AR, a radius of a cone in #-¢ space,

AR =4/ (A¢)? + (An)2. (4.8)

4.2.2 The inner detector

The inner detector [49] covers the pseudorapidity range || < 2.5, with complete coverage
in azimuth. Each subsection of the ID is composed of a barrel region, arranged in cylinders
around the interaction point at z = 0, and two endcaps, arranged in disks perpendicular to the
beam, either side of the barrel in the forward regions [35]. Schematic diagrams of the barrel

and endcap ID are shown in Figures 4.4a and 4.4b respectively.
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Figure 4.4: The ATLAS inner detector in (a) the barrel region [50] and (b) the endcap region [35].
The transverse radius Ry and longitudinal position z for each sub-component is shown. The
IBL is not shown in (b).
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The inner detector is itself surrounded by a solenoid magnet [51], designed to produce an axial
magnetic field of 2 T. This magnetic field bends the tracks of the charged particles, with the

radius of curvature allowing for the measurement of particle momentum.

4.2.2.1 The pixel detector

The pixel detector [52] consists of layers of silicon pixel modules; four parallel to the beam-pipe
in the barrel region (|57 < 1.7) and three transverse in each endcap (1.7 < || < 2.5). Doped
silicon is a semiconductor; when charged particles pass through the material electron-hole pairs
are produced. A bias voltage is applied across the detector, causing the charge to drift to a
readout where it is measured. If the charge collected reaches a pre-set threshold then a particle
hit is recorded.

In Run-1, three barrel layers were present in the pixel detector; the B-layer, layer-1 and layer-2
at transverse radii of Ry = 50.5 mm, Ry = 88.5 mm and Ry = 122.5 mm respectively. Each
pixel module has a typical pixel size (Ry, z) = (50,400) pm, providing a spatial resolution of
around 10 ym in the transverse plane and 115 ym in the longitudinal (radial) planes for the
barrel (endcaps).

During the long shutdown between Run-1 and Run-2 (LS1) an additional pixel layer, named
the insertable B-layer (IBL), was inserted close to the beam-pipe at Ry = 33.2 mm [50]. The IBL
consists of a mix of planar and 3D silicon sensors with pixel size (50,250) pm. The inclusion of
this new layer led to an improvement in tracking and secondary vertex resolution with respect
to Run-1 [53].

4.2.2.2 The semiconductor tracker

The SCT surrounds the pixel detector and consists of four layers of single sided silicon microstrip
detectors in the barrel (|57| < 1.4) and nine layers in the endcap (1.4 < || < 2.5). The SCT
modules in the barrel consist of four silicon microstrip detectors, with two detectors each
glued back to back with a small 40 mrad stereo angle separating them. This allows for spatial
resolution in the plane parallel to the beam, as well as transverse [54]. In the endcaps the
modules are constructed the same way as in the barrel, but have variable size dependent on the
longitudinal position. The SCT provides 17 ym spatial resolution in the transverse plane and a
580 pm in the longitudinal (radial) directions for the barrel (endcaps).

4.2.2.3 The transition radiation tracker

The TRT is a straw-tracker detector consisting of 2 mm radius tubes containing a mixture
of gases: 70% Xe, 27% CO, and 3% O, [35]. Incident charged particles are identified by the
ionisation of the gas and, similarly to the silicon detectors, charge is measured at a readout in
the centre of the straw by applying a bias voltage. Straws in the barrel (|| < 0.7) are aligned
parallel to the beam, whilst in the endcaps (0.7 < || < 2.0) the straws are arranged radially in
wheels, with eighteen wheels per endcap. The TRT provides a transverse spatial resolution of
30 um.

A polypropylene radiator is placed between the straws; when a relativistic charged particle
passes the boundary between the polypropylene and the straw, it radiates photons. This process
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