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Abstract

This thesis presents a search for electroweak production of supersymmetric
particles in two-lepton and three-lepton final states. The search uses the
data collected from 2015 to 2018 by the ATLAS experiment in /s = 13 TeV
proton-proton collisions at the CERN Large Hadron Collider, which corre-
sponds to an integrated luminosity of 139.9 fb~'. We present the results of
this search using model-independent upper limits. We also present a mea-
surement of the Higgs boson gluon—gluon fusion production cross-section,
via the H — WW — {vflv final state, we use the data collected in 2015
by the ATLAS experiment, which corresponds to an integrated luminosity
of 36.1 fb~!. We measure the cross-section of gluon-gluon fusion Higgs
production and subsequent decay via W to be 11.473% pb (statistical and
systematic). Finally, we outline prospects in future upgrade works, in the
fast simulation of the Fast Tracker ATLAS subsystem and the development
of digitisation software in the ATLAS Inner Tracker Strips Detector.
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Preface

This document will outline my contributions in the ATLAS Collaboration; the work com-
pleted is naturally split between analysis work and detector development.

Chapter 1 covers the introduction of the Standard Model of particle physics, focusing
specifically on particle content, fundamental forces, particle interactions and the Higgs
boson. In focusing on the Higgs boson, I provide an overview of electroweak symmetry

breaking.

Chapter 2 introduces supersymmetry, focusing on motivations for existence and particle
content. I introduce the Minimal Supersymmetric Standard Model (MSSM), the super-
space formalism, and highlight electroweak symmetry breaking in the MSSM, as well as
the origin of neutralinos and charginos.

In Chapter 3, I introduce the Large Hadron Collider machine, as well as the topics of
dataset limitations, proton substructure, and the physics reach of the project. I also in-
troduce the ATLAS experiment, where particular attention is shown to hardware, object
reconstruction and Monte Carlo simulation conventions.

In Chapter 4, I detail all work for the search for supersymmetric electroweak production,
all techniques leveraged, and all data-driven estimation methodologies employed in the
estimation of crucial region backgrounds are described in detail. I provide validation of
the techniques, and finally, I present model-independent limits on visible cross-sections
of signal processes present within the signal region selections.

In Chapter 5, I present measurements of the gluon-gluon fusion, and vector boson fu-
sion Higgs production cross-sections. I pay special attention to a data-driven b-tagging
efficiency estimation technique, which was the core of my contribution, and finish by
summarising the combined results from run-II measurements.

In Chapter 6, I introduce the Fast Tracker ATLAS subsystem and the work in imple-
menting a fast simulation alternative to the currently implemented, CPU-expensive full
simulation. The fast simulation methodology is described and validated.

In Chapter 7, phase-II ATLAS upgrades are described, focusing specifically on the ATLAS
inner detector replacement, known as the Inner Tracker (ITk). I introduce the geometry
and design of the ITk, and then focus on the current ATLAS digitisation software imple-
mentations. The core question here is the suitability for existing digitisation frameworks
for ITk purposes. Finally, I provide validation of implementation, and a comparison be-
tween the induced charge model and the simplified model, which is currently the nomi-
nal digitisation implementation of the ATLAS experiment.






Chapter 1

The Standard Model

In this chapter, we provide an introduction to the foundational concepts in the Standard
Model. We focus on symmetries, particle content, and interactions. We detail electroweak
symmetry breaking and mass generation. We summarise the mass dependence of the Higgs
boson decay properties, and finally, we outline phenomenological properties of the strong
force, which are vital for understanding hadron collider physics.

In the Standard Model (SM), we introduce a field for each type of particle. We can split
the symmetries governing the behaviour of these particles into internal symmetries and
external symmetries. Internal symmetries govern the interactions of the particles and
are often called gauge symmetries. The external symmetries define the Lorentz structure
of space-time itself. We formulate the SM on Minkowski space-time, with its symmetries
corresponding to those of the Poincaré group. We apply Noether’s theorem to determine
the conservation laws from the underlying symmetries of the SM.

1.1 Particle Content

We introduce particles in the SM with quantum numbers corresponding to gauge sym-
metries. The gauge symmetries of the SM are SU(3)¢ x SU(2), x U(1)y. Where C'is
the colour, L is chirality, and Y is hypercharge. The unbroken group SU(2);, x U(1)y
has four spin-1 gauge bosons B, W, W? and W?3. The Brout-Englert—Higgs mechanism
breaks SU(2)y, x U(1)y to U(1)q, and the electroweak gauge bosons mix into the electro-
magnetic force carrier - the photon, three weak force carrier bosons (W™, W, and Z°),
and a Higgs boson is introduced [1-6]. The symmetry group SU (3)¢ is not involved in
electroweak symmetry breaking and remains a symmetry at all measurable energies.

In order to describe observations, we introduce three generations of spin-1/2 fermions
which have different masses, which interact with the force carriers identically. We can
split the fermions into two different groups - leptons and quarks. The leptons of the SM
are the electron, muon and tau (e, 1« and 7), and each has a corresponding massless, and
neutral, neutrino (v, v, and v;). The SM assumes that neutrinos are massless, given we
have measured neutrinos to have non-zero masses, this is a failed prediction of the SM

[s].

We can further split the quarks into the up-type and down-type quarks. The up-type
quarks are the up, charm, and top quarks (u, c, t). The down-types are down, strange, and
bottom (d, s, b). All quarks interact via the strong, weak and electromagnetic forces. The
strength of the strong force results in many complex states called mesons (¢g), baryons
(9qq) and pentaquarks. We summarise the full particle content of the SM in Figure 1.1,
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Figure 1.1: A summary of the SM particle content [7].

Table 1.1: SM gauge group representations of gauge bosons.

Gauge group Gauge boson SU(3)c SU(2);, U(l)y
SUG)c g 8 1 0
SU(2)L, Wt 1 3 0
U(l)y B 1 1 0

the SM group representations for gauge bosons in Table 1.1, with the fermion and Higgs
doublet group representations in Table 1.2.

Table 1.2: SM gauge group representations of particle content.

Fields SU(3)C SU(?)L U(l)y
(UL dL)z 3 2 —1/6
ul, 3 1 23
dh, 3 1 1/3
(I/ eL) , 1 2 1/2
ek, 1 1 1

(6% ¢°). 1 2 1
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1.2 The Standard Model Lagrangian

We can represent the symmetries, particle content, and group representations in a math-
ematical object called a Lagrangian. The Lagrangian describes all interactions and prop-
erties of the SM and can be written in the form:

1
;CSM - — ZF,U,VFNV

+ ZEZ’}/MDM@ZJ + h.C (1.1)
+ Viyij ¢ + h.c
+[Dugl* = V(9),
where each term has a unique interpretation,
o« — iF . M governs the self-interactions of the gluons, photon, W= and Z° bosons.

« i)y* D, + h.c governs the interaction of the fermions with the gauge bosons.

. @iyl-jwm + h.c governs the interaction between the fermions and the Higgs boson
and generates the fermion masses.

« |D,¢|? governs the self-interaction of the Higgs boson and generates the gauge

boson masses.

« V(¢) governs the breaking of the electroweak sector into the electromagnetic and
weak, and generates the mass for the Higgs boson.

Leptons

Gluons

Figure 1.2: Overview of particle interactions in the SM [9].

We can show the interactions between the different particles of the SM in a network
graph shown in Figure 1.2. The network graph shows the electromagnetically charged
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particles interacting with the photon, and the coloured particles interacting with the
gluon. We can see the neutrino is neutral as there is no connection between it and
the photon. We can see the gluon and Higgs have a self-interaction as there is a loop
connecting to themselves. The network graph also has connections between the Higgs
boson and all particles which have mass and we will now explore the mechanism which
provides mass to fundamental particles in the Standard Model.

1.3 Electroweak Symmetry Breaking

In 2014, the Nobel prize was awarded to Peter Higgs and Francois Englert for the theo-
retical discovery of the mechanism that contributes to our understanding of the origin
of mass of subatomic particles. Another physicist who notably contributed to the theo-
retical development of the mechanism was Robert Brout, who passed away in 2011 and
was therefore not a recipient.

The Brout-Englert-Higgs mechanism introduces a scalar potential, now known as the
Higgs field, which exists at all points in space-time. At high energies, the Higgs field
has a vacuum expectation value (VEV) of zero, in Figure 1.3 a VEV of zero corresponds
to the central point. At low background energies, such as a universe which has under-
gone cooling, the Higgs field acquires a non-zero VEV, which corresponds to the trough
surrounding the central peak in Figure 1.3. The non-zero VEV results in the acquisition
of a non-zero mass for particles interacting with the scalar potential, as detailed from
Equation 1.1. We now demonstrate how a non-zero VEV in a scalar potential is able to
generate a mass [10].

The Brout-Englert-Higgs mechanisms begins with an SU(2);, Higgs doublet of the form:

¢° L [ o1 +id2

_ _ P2 1.2
v <¢+ Vo \ 6yt o, (2
where ¢; are real-valued fields. We take the Higgs doublet and we construct a potential

of the form:

1, (& 1 (& L)

V(g) = ou° (Z ¢?) + A (Z ¢?> : (13)
i=1 i=1

where i runs over each real-valued field in the Higgs doublet. To understand physics at
low energies we must expand around the minima of the potential. In order to find the
minimum of the potential we minimise the potential and solve for the zeroes. There are

an infinite number of degenerate solutions. To resolve the choice of the infinite possible
solutions we chose an axis and expand around our choice. Without loss of generality,
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Figure 1.3: A pictorial depiction of the Higgs potential. There are two types of extrema
in the Higgs potential, the first being the origin ¢ = 0 and the second being the at v =

—u2 . . . . . . .
==, which corresponds to an infinite number of minima, one of which is randomly

chosen by nature.

we choose (0|¢3]|0) = v > 0 with all other components taken to be zero, this gives us:

_ 1L [0
Taking this choice of axis we retrieve a vacuum potential:
Looo 1)y
V(p) = V(v) = SHV+ ZAU . (1.5)

The minimum of this potential is:

dV(v)
dv

= v(p? + M%) =0, (1.6)

which has two solutions regimes:
« 1% > 0 in which case v = 0 and there is no electroweak symmetry breaking.

« u? < 0in which case v = 4/ :5‘\‘—2 and there is electroweak symmetry breaking.

The SM Higgs doublet kinetic term is responsible for the generation of electroweak gauge
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boson masses and takes the form:

1 g T
Litiggs kin C (D,u9)'(D"¢) = 5( 0 v) [galwﬁ + gBu] ( 2 > + Other terms,

2
(1.7)
where W are the gauge fields for SU(2); B, is the gauge field for U(1)y; g is the

coupling for SU(2)y,, and ¢’ is the coupling for U(1)y. After we take a non-zero VEV we
can write the Higgs kinetic term in the form:

2

M
Ltiggs xin = MWW + TZZ“ZM, (1.8)

where the gauge fields of SU(3)¢ x SU(2)r, x U(1)y have mixed according to:
_Wwrsawr o —¢But+ g0
v T

where 0y is the Weinberg angle and tan 0y, = ¢’/g. We can take the combination of B
and W3 which is orthogonal to Z, given by:

W = —sin(Ow)B + cos(fw)W?3,  (1.9)

A = cos Oy B + sin Oy W3, (1.10)

and this corresponds exactly to the photon. We can further express the masses of the
photon, W, and Z in the form:

M
My =L M=
2 cos Oy

My =0. (1.11)

By taking Equations 1.9 and 1.10, we are able to write the electroweak gauge fields in

the matrix form:
Z0 cosf, —sind w3
wl — w w .
<Au> (Sin 0, cosb, ) (BO> ' (1.12)

We can see from this matrix form that the Z boson and photon are mixings of the same
underlying electroweak bosons. The concept of fundemantal gauge fields mixing to form
other bosons is incredibly important for our search for supersymmetric electroweak pro-
duction, and will be explored further in the next chapter.

1.3.1 Higgs Branching Fractions

The branching ratio of the Higgs boson to a given final state (H — X X, or H — XY)
is a function of the Higgs mass. In fact, given the SM particle masses, we only require
the Higgs mass in order to calculate the SM prediction of BR(H — X X). We can see
in Figure 1.4 the branching ratios of the Higgs boson to different final states. We can
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see there are different regimes for which different processes dominate. In the low mass
regime, the H — bb decay process dominates, for intermediate masses, H — WV*
increases substantially in importance, and for high masses, the H — WW* and H —
Z 7 decay channels increase significantly.

": 7| T T T T T | T T T T T T | T T T | T T Iig
g I WW =
- —_ 1=
s f bb 12
P10 4
+ 5‘.‘ ]
x - - i
m CcC
2 | ]
S107F E
I C .
10° -
10—4 NI Y A TN R N BN R A B R L
80 100 120 140 160 180 200
M, [GeV]

Figure 1.4: Branching ratios of SM Higgs boson vs my [11]

The SM predictions of my = 126 GeV are shown in Table 1.3 [11].

Table 1.3: Branching ratios of SM Higgs boson for my = 126 GeV [11].

Channel BRpy_,xx[%]

bb 56.1
Ww= 23.1
qg 8.48
TT 6.16
Z7 2.89
cc 2.83
Yy 0.23
Zy 0.16

jn 0.02
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1.4 The Strong Force

We have seen that through the Brout-Englert-Higgs mechanism the symmetry group
SU(2)1, x U(1)y is broken to the symmetry group Ug resulting in the generation of
mass for the electroweak sector particles. Unlike SU(2);, x U(1)y, which is broken by
the Brout-Englert-Higgs mechanism, the symmetry group SU(3)¢ remains intact and
remains a gauge symmetry even below the electroweak scale.

1.0

Sept. 2013

v T decays (N>LO)
Lattice QCD (NNLO) -
& DIS jets (NLO) 0.5 - :
o Heavy Quarkonia (NLO) ' Lot

Q)

03¢}

o €'e jets & shapes (res. NNLO) < Lo
® 7 pole fit (N3LO) % el
v Pp—> jets NLO) O ool P

= o o

02} - ey
X -
.
—0.5 ¥

01}
-- Vr)=A/r+B+Cr

= QCD ay(M,) =0.1185 % 0.0006 Y I
y . y 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
1 0 o [Gev] ™ 1000 Y GV
(a) The running of ag. (b) Ny = 0 heavy quark potential.

Figure 1.5: In (a) we show the running of the strong coupling avg versus the energy scale
Q) [GeV]. In (b) we show the Ny = 0 heavy quark potential from short to intermediate
distances [12]. The running of s, and the increasing linear potential both contribute to
confinement.

The strong force has several properties which are of interest, such as the gluon’s self-
interaction, asymptotic freedom and confinement. In Figure 1.5a, we show the strength
of the strong force coupling ag as a function of energy scale (). We see that for higher
energy scales, the alphag reduces significantly, resulting in asymptotically free parti-
cles at high energies. At high energies, o, is much smaller than 1, and we can therefore
perform the calculation using perturbation theory. Inversely, the lower the energy scale,
the stronger avg becomes resulting ultimately in confinement of coloured particles, which
produces mesons, baryons, and other complex bound states. When a coloured particle
undergoes acceleration, we see a gluon bremsstrahlung-like effect. Due to the gluon
possessing colour, the coloured radiation interacts with itself, causing a complex show-
ering. When the coupling is relatively large, we are unable to calculate quantities using
perturbation theory, as non-perturbative effects dominate.

In Figure 1.5b we show a plot which demonstrates the Ny = 0 heavy quark potential’s
confining behaviour [12]. We see here there are three components to this potential, a
scalar term, a Coulombic term, and a linear term. The presence of the monotonically
increasing linear term results in a completely confined particle within the potential well.
Once a particle has enough energy in this well it becomes energetically favourable to
produce a quark-antiquark pair from the vacuum, resulting in complex showering be-
haviour. The subsequent objects of this process are called jets.



Chapter 2

The Minimal Supersymmetric Standard
Model

Building from the Standard Model, we now introduce supersymmetry. We explore its rela-
tionship to the spin of particles and the necessity of supersymmetry being a broken symme-
try in nature. We will explore the Minimal Supersymmetric Standard Model - highlighting
the gauge and mass eigenstates, as well as the interactions in the theory. Finally, we sum-
marise the solutions supersymmetry provides to Standard Model problems.

2.1 Introduction to Supersymmetry

Supersymmetry is a property that many modern theories possess and corresponds to
a symmetry between bosons and fermions. The generator of the symmetry, (), is an
operator and takes a bosonic state |Boson) to a fermionic state |Fermion) and vice versa.
Mathematically this can be expressed using bra-ket notation:

(Q)|Boson) = |Fermion), Q|Fermion) = |Boson). (2.1)

By changing the spin properties of a state, we have introduced a new space-time sym-
metry, which implies the presence of at least one partner for each state, called a super-
partner. The existence of superpartners is a key prediction of any model which has the
supersymmetric property.

To appreciate the importance of a symmetry between bosons and fermions, we will first
review the SM symmetries and then introduce the Coleman—Mandula theorem, which
provides powerful constraints on possible extensions to the SM space-time symmetries

[13].

In the previous chapter, we stated the SM was formulated on Minkowski space-time
with Poincaré group symmetries. The corresponding generators of the Poincaré group
are M, and P,. The internal symmetry group of the SM is SU(3)¢ x SU(2)y, x U(1)y,
if we take SU(3) colour as an example, the fundamental generators are T, and obey the
commutation relations:

[T T° = i f*eTe. (2.2)

It turns out all internal symmetries in the SM commute with the Poincaré group gener-
ators.
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In looking for extensions to the Poincaré group we want to ask Can internal symmetries
have space-time indices and commute with the Poincaré group generators? In the 1960s,
the Coleman—-Mandula theorem provided a powerful restriction on internal symmetries,
with space-time indices, commuting with the Poincaré group generators [13]. The theo-
rem finds that if we assume the theory has locality, causality, positivity of energy, and
the finiteness of the number of particles, then internal symmetries with space-time in-
dices can not commute with Poincaré group generators. Mathematically, if we take G
to be any internal symmetry generator, and we take P* and M*"" to be the generators
for the Poincaré group, then the Coleman-Mandula theorem requires:

G, P =0, [G,M"™]=0. (2.3)

By introducing generators (QQ and Q') which anti-commute as opposed to commute, su-
persymmetry extends the SM space-time symmetries and sidesteps the Coleman—-Mandula
theorem. The anti-commutation relations for ) and Q' are:

{Q.Q"Y=P", {Q.Q}=0, {Q"Q"}=0. (2.4)

The supersymmetric generator () commutes with the translation generators, the inter-
nal quantum numbers associated with gauge symmetries, and global symmetries. The
generators () and Q' commute with the translation generator P* but do not commute
with the rotation generator //*”. The commutation relations with () are:

@, P]=0, [QG]=0, [QM*]#0. (2.5)

These commutation relations show us that states under () have different spins, though
they have the same quantum numbers. The Poincaré group generator for translations,
P*, commutes with (). Given that the two generators commute, the superpartners have
the same P* and P? eigenstates, the relativistic relation P2 = m? tells us that super-
partners have the same masses. It turns out we have not measured boson-fermion pairs
with identical quantum numbers and masses, and therefore we can be confident that
supersymmetry is not an unbroken symmetry. At this point, we could give up - but
by being familiar with electroweak symmetry breaking, we know that there are situa-
tions where a symmetry expressed at a higher energy can be broken at a lower one. If
supersymmetry is observed in nature at all, then it must be broken at low energy scales.

Moving forward, we want to write down a gauge field theory that incorporates super-
symmetry as an extension to space-time. The most elegant way to do this is through the
superspace formalism. Superspace is an extension to the usual space-time coordinates
x* which corresponds to one time coordinate and three spatial coordinates. Superspace
takes the spacetime coordinates * and includes four fermionic degrees of freedom, 6,
0,, 6; and 6,. These fermionic degrees of freedom are Grassman variables. The space-
time coordinate using superspace formalism is given by:

2= (z",6,0). (2.6)
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In superspace we get an expression for our supersymmetric fermionic generator Q)

(o
Qa =1 <890‘ +205d9 8M> s

5 (2.7)
Qd = Z <89a — i(é’aao‘)dau> 5
with & being the Weyl index. The covariant derivatives take the form:
Da:_.aa_ “e_aay
0 = (0" 6)a0y (2.8)

Dd = iéd + (90“)o-ﬁu.

Particle content is introduced in the superspace formalism by incorporating different
spin states into one object known as a superfield. The general definition of a superfield
is given by:

F(z) = ¢(x) +On(x) + Ox(2)
scalar spinor terms
+ 0?m(x) + *n(z) + 050V, (z)
scalar vector term
+ 020N () + 0200 ()
spinor term

+ 6%6°D(x)
1

(2.9)

Here we have a scalar field ¢(x) followed by two spinoral terms - n(x) and x(z). The
next line has two scalar fields - m(z) and n(z) followed by a vector field V,,(z). The third
line of Equation 2.9 has two spinoral terms - A(z) and (), with the final term being
a scalar D(x). We now introduce the minimal implementation of supersymmetry with
the SM.

2.2 Particle Content

The Minimal Supersymmetric Standard Model (MSSM) is the supersymmetric extension
of the SM, which considers the minimum number of particle states and interactions
which are consistent with current experimental results [14, 15]. The MSSM is written in
terms of chiral and vector supermultiplets. The MSSM is a chiral theory, and thus there
is a supermultiplet for the left doublet and right singlet states. The supermultiplets also
contain both fermionic and bosonic states.

There are two naming conventions for superpartners. The superpartners of the SM
fermions are known as scalar fermions or sfermions, with squarks (scalar quarks) and
sleptons (scalar leptons). The superpartners of the SM bosons have the suffix -ino. The
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Table 2.1: Summary of the gauge supermultiplets of the MSSM and gauge group repre-
sentations.

Supermultiplet spin-3 spin-1 SU(3)c SU(2), U(l)y

G g g 8 1 0
Wi Wi 1 3 0
B B BO 1 1 0

superpartner of any SM particle can also be called a sparticle. In order to easily show
that a particle is a superpartner, we use a tilde above the SM field name. For instance,
the left-handed top quark, ¢, has a superpartner 7.

The mathematical form of the chiral supermultiplet éIVD(:zc, 0) is
B(z,0) = d(x) + V20°U,(2) + 00F (2), (2.10)

where ¢(x) is the scalar state, 1), () is the fermionic state and F is a scalar and a so-
called auxiliary field. The mathematical form of the vector supermultiplet is:

- _ _ _ 1 .-
Vivz(2) = —00"0V,,(z) + i0*0X\(z) — 0?0\ () + 50202D(m), (2.11)

where V), () corresponds to a gauge boson state, A(z) corresponds to a the gauge boson
superpartners, called the gaugino state, and D(x) corresponds to an auxiliary field.

We summarise the vector supermultiplets and chiral supermultiplets of the MSSM in
Tables 2.1 and 2.2. The guage supermultlplets in Table 2.1 are G which contains the
gluons and their superpartners; W which corresponds to the electroweak bosons WW*
and their superpartners the winos Wi; and finally B which corresponds to the gauge
boson B and its superpartner the bino B°. Collectively the superpartners of gauge
bosons are called Gauginos. The electroweak gauge boson superpartners are sometimes
called electroweakinos.

The chiral supermultiplets of the MSSM contain all the fermions of the SM, as well as
their partners. Unlike the SM, the MSSM requires not one but two Higgs doublets. These
doublets are labeled H, and H; and the Brout-Englert-Higgs mechanism generates
masses for the up type fermions and the down type fermions separately. The superpart-
ners of the Higgs doublets, Higgsinos, are denoted H, and H,. In terms of the MSSM
formalism, the SU(2);, doublets are found in a single supermultiplet. Taking all this
information, we summarise the MSSM SM particle content in 2.1 and the supersector
particle content in Table 2.2.
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Table 2.2: Summary of the chiral supermultiplets of the MSSM and their gauge group
representations.

Supermultiplet spin-0 spin-3 SUB)c SU(2), U(1)y

Figure 2.1: The summary of the unbroken SM sector fields for the MSSM. Left and right
chirality are not shown.

2.3 'The MSSM Lagrangian

In Section 2.2 we summarised the particle content of the MSSM and where that particle
content resided within the chiral and vector supermultiplets. We can take those super-
multiplets and write them in a Lagrangian. The Lagrangian of the MSSM can be split
into four general terms. These are the gauge term, the superpotential term, the Kéhler
potential term, and the soft symmetry breaking term. Mathematically we write this as:

Lvssm = Ly + Laauge + Lxc + Lsof- (2.12)
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Figure 2.2: The summary of the unbroken SUSY sector flavour field content.

The gauge term written in terms of the supermultiplets is:

1
LGauge = 1 /d92 (W;C‘W;a + Wi - Wy o + Wy a) +h.c, (2.13)

where the integral is over the fermionic degrees of freedom, and the gauge terms are
split in terms of their gauge symmetries - SU(3)c, SU(2), and U(1)y. These terms
are responsible for all gauge boson-gauge boson interactions, as well as gauge boson-
gaugino interactions and they contribute to gaugino—gaugino interactions. A summary
of these interactions is shown in Figure 2.5. The other terms require a little more detail,

which we will now provide.

\ v A
z - ~
- ~

¢,0,H0,HY CHYHY §,0,HO,HY 4,0,HY,HY  Gi.HO.HY q.0.HO,HY

Figure 2.3: The MSSM electroweak sector interactions from the gauge term.

2.4 Superpotential and R-Parity

The next term of the MSSM Lagrangian we want to explore is the superpotential. We
write the superpotential in the form:

Loy = / EOW (), (2.14)
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where ®; are all the supermultiplets in Table 2.2 and )V is the superpotential, defined as:

W = eap (yf Hyw,Q) — yi HydiQ) — y7 Hie:L + nHHY)
1 .. 3 - . 1o - (2.15)
+ iA’JkLiLjék + N*LQ;dy, + 1" LiH,, + 5X’wkmdjdk.

This expression is of vital phenomenological importance as in the SM conservation of
baryon number (B), and lepton number (L) are not explicit symmetries of the Lagrangian,
and their emergence is accidental. The MSSM also does not impose a baryon number or
lepton number symmetry, but unlike the SM, we run into a problem with proton decay
due to the following terms in the superpotential:

1 .. g _ 4 1 ...
WP = SXNPELiLje + NV LiQydy + p' LiHly + SN isdydy. (2.16)

In order to suppress the presence of these terms and have a phenomenologically viable
theory, we must impose a Z, symmetry, called R-parity. Its effect is the elimination of
B and L violating terms in the MSSM Lagrangian [16]. R-Parity is defined as:

Py = (—1)¥B-Dt2s (2.17)

with s being the spin of the particle in question [16]. R-Parity is closely related to Matter-
Parity, which is defined as:

Py = (—1)3B-D), (2.18)

All SM particles have, including the expanded Higgs sector, a P = +1, while all the
superpartners have an R-Parity of P = —1. The result of imposing this symmetry is
the elimination of the problematic terms, and a superpotential of the form:

MSSM i fras A ij Fra 7. ij fras 7 Fro 7y .
WMSSM — e (v Hgw Q) — yif H3diQ) — y? A&l + plgHY) . (219
The dominant superpotential interaction terms which contribute to supersymmetric elec-

troweak production are summarised in Figure 2.4

2.5 The Kahler Potential

The third term of interest in Equation 2.12 contains the kinetic terms of the Lagrangian,
and is of the form

Li = / dOK(®,, 1), (2.20)
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Figure 2.4: The MSSM electroweak sector interactions from the superpotential.

where K is known as the Kahler potential. The generalised form of the Kahler potential
given by:

Ly = / 203 0l D, (2.21)
Here each Vx corresponds to the scalar potential associated with each gauge symmetry.

Expanding this equation out to include the supermultiplets of the MSSM gives us the
following form:

~ /A . Yy o _ Yy _ 4+ aya 'vYy —

Lo = d28d29 LT,GgVWT—’_gV YL v_'_eJ'regV Y€‘—|—UT6 gsVyiA*+g'Vv YU'

Ic L,L Lz 1 ) 7 7
+ dlem9sViN I VYY g Ol eosVa X +aVw T VIY () (2.22)
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We show three interaction terms which are relevant for supersymmetric electroweak
production in Figure 2.5.

2.6 MSSM Electroweak Symmetry Breaking

Before expanding on the final term in the MSSM Lagrangian Lg.¢ we will first explain
how electroweak symmetry breaking works in the MSSM. We know that the Higgs
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Figure 2.5: The MSSM electroweak sector interactions from the Kéhler potential.

bosons are embedded within two chiral supermultiplets H, and Hy, as detailed in Sec-
tion 2.2. These Higgs doublets contain the scalar components of H, and H,; and also
contain the spin-1/2 superpartners. The Higgs boson components can be written in the

H 9 .

where we label the two Higgs doublets with v and d. The u Higgs doublet is responsi-
ble for the mass generation of the up-type fermions, while d Higgs doublets effect the
Yukawa couplings of the down-type fermions. The scalar potential in the MSSM [17] is

given by:

form:

V' C (A iy ([ H [P+ [HE )+ (02 iy ) ([ H P+ [ HE )
+b[(H, Hy — HHY) + c.c]

1 _ 212 2.24

20+ () [|HOP + 1P = | HOPE = | Hy (224)

Ly (Hg) () P

We can allow the two doublets to acquire a VEV independently such that (H,) = v, and
(Hg) = vg. These are related to the SM VEV via:

2
2my,

——Z __ (2.25)
9>+ (9)

2, 2 o
U, T Vg = Vg =

and so we see that we can generate masses for W= and Z, just as in the single Higgs
doublet EWSB. After EWSB the MSSM has five Higgs mass eigenstates (H*, h?, H° and
A). We define the ratio between the up and down Higgs doublet VEVs with:

v
tan 3 = —. (2.26)
Vg

It turns out that in the MSSM the Yukawa couplings are functions of tan 3. For example,
the Yukawa couplings to the top quarks and bottom quark in the MSSM are:

. \/Emt . \/me

yt_vsinﬁ7 * T veos

(2.27)
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In the MSSM the Yukawa couplings are enhanced with respect to the SM predictions.
Then enhancement goes like:

\/§mb \/Emb

= = tan
Yo vecosB  wsinf B

2
v2m, tan

()

(2.28)

~
~

For large tan f3, typically much greater than 1, y, can approach y; as tan 5 ~ %)

2.7 Soft Symmetry Breaking

We now arrive at our final term in the MSSM Lagrangian — Lg.¢. We knew from the
beginning that supersymmetry had to be a broken symmetry of nature, and this final
term is primarily responsible for breaking that symmetry. Its helpful to define what we
mean by broken, the idea is that supersymmetry is broken at some scale M, where at
energies [/ > M, the theory is supersymmetric. In the case where &/ < M supersym-
metry is broken, and we are left with a model which is non-supersymmetric - like the SM.
The two primary ways of generating a broken supersymmetric theory are spontaneous
and explicit. Spontaneous supersymmetry breaking is the scenario where the theory is
supersymmetric, but it has a scalar potential, the scalar field(s) acquire a VEV which is
of the order of M, and the VEV breaks supersymmetry. When the lagrangian contains
terms which are not supersymmetric at low energies, but which become irrelevant at
high energies, then the lagrangian is said to exhibit soft breaking. In both cases the scale
M; is present in the Lagrangian. In the MSSM we use the explicit symmetry breaking
[18]. The expansion of the Lgy; is:

— LM — ; [ M3Xghs + MpW*W* + M3 BB + h.c|
e [BquHff — a0, OGP + ag, H3d:QP + 0o, HSEL? + hic (00)
o+ miy, | Hal* + iy, |H* + Qemgy, Q5
+ Lo, L8 + g m?, T+ dymd, dy + am? 2.
This soft breaking term is responsible for the vast majority of the new parameters which
enter into the MSSM. We introduce one new mass parameter for each new particle.

2.8 Electroweakino Mass Eigenstates

As stated in Section 2.1, the superpartners of a SM particle have the same quantum
numbers as the SM particle, an unlike the SM particle are spin-1/2. In particular W°,
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HY, B® and HY have the same quantum numbers and mix to form four neutral mass
eigenstates, which we call neutralinos. The superpartners, W+ and Ej , mix to form
two positively charged mass eigenstates, which we call charginos. Finally, the W~ and
H, . superpartners mix to form the negatively charged mass eignestates, which we also
call charginos.

Figure 2.6: A pictorial view of gaugino mixing. We see the neutral gauginos and Higgsi-
nos mix to form the mass eigenstate neutralinos. The positive winos and Higgsinos mix
to form the positive charginos. Likewise for the negative winos and Higgsinos.

We can label the different neutralino states simply as Y7, where i = 1,2, 3,4. We take
1 = 1 to be the least massive, whereas ¢ = 4 is the most massive. Mathematically the
hierarchy is given as:

We can show the mixing between the neutral gauginos to neutralinos in an analogous
way to Equation 1.12:

)Z(l) Nll N12 N13 N14 VI/O

)Zg — N21 N22 N23 N24 50 (2 31)
X5 Nyt Nsp Naz Naa| | Hy | '
X Ny Nip Nig Nua) \ Hg

On the left-hand side we have the mass eigenstates, on the right-hand side of the equation
we have the neutral gaugino eigenstates 1W°, B°, H? and HY. These four separate states
mix via the N;; matrix elements, and N2 + N3 + N3 + N} = 1, to ensure unity of the
probability.

Next we look at the mixing of the positive gaugino eigenstates. We can label the different
chargino states as ;" with i = 1, 2, and with the mass hierarchy of the charginos is given
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Table 2.3: A summary of gauge eigenstates and their corresponding mass eigenstates in
the MSSM.

Gauge Eigenstates Mass Eigenstates

Upsquarks 1~LL ’ljR EL 5R tL tR ’ljl ’ljg 51 52 tl tg

Down squarks JL dr 81, Sp by bp U U S1 So ti1 to

SletOl’lS gL éR /jL ﬁR 7~—L %R 51 ég ﬁl [72 %1 7~'2
Sneutrinos Ve Vy Uy Ve Vy Uy
Higgs bosons HY HY HY Hj h° H° A H*
Neutralinos EON WON ﬁgwﬁ 9 X! X3 X3 X4
Charginos W+ Hf Hj i Xs
Gluino g g
by:
M+ < M+ (2.32)

The mixing of the gauginos in the mass eigenstates, for the positive charginos is given

by:
o+ 1+
X1 Vin. Vio w .
- ~ . 2.33
(xi) <V21 v22> ( H+> (2.33)

Where the matrix parameterising this mixture is V. Next, we look at the mixing of
the negative gaugino eigenstates. The negative charginos are a mixture of the negative
Higgsino and the negative wino. The mass eigenstates are y; with ¢ = 1,2 and:

My < My (2.34)

The mixing of the gauginos in the mass eigenstate is given by:

X1\ _ (Un U I/i/_ (2.35)

X2 Un Up)\ H ) )
The matrix parameterising this mixture is U and is a 2 X 2 matrix. The mass eigenstates
of the MSSM are summarised in Table 2.3.

2.9 Solutions to Standard Model Problems

There are two natural energy scales that we know about in the universe, the electroweak
scale(Mgw =~ 100 GeV), and the Planck scale (Mp ~ 10'® GeV). The electroweak scale
corresponds to the energy scale where the electromagnetic and weak forces unify into
a single electroweak force. The Planck scale is the approximate scale at which quantum
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gravitational effects become important.

We know that the SM is not the final theory, but rather a low energy effective theory
with an ultraviolet cutoff scale Ay, which is an energy scale between the electroweak
and the Planck scales. This defines three cut off energies, Mgw , Mp and Ayy. This
large cut off scale is the major question of the hierarchy problem, why is the disparity
between these three energy scales so massive? If the high energy cut off of our effective
theory is large, then the Higgs boson should receive quadratically divergent corrections
to its mass through loop contributions [15]. The quadratically divergent terms are of the
form:

A 2
Am?, = _|87];|2A%V ... (2.36)

The presence of these quadratically divergent corrections is known as the Higgs mass
problem. By introducing two superpartner bosons for each fermion of the SM, as well as
a fermion for each boson, supersymmetry solves this quadratic divergence by introduc-
ing superpartners to the SM particles. Fermion loops produce an overall negative sign
in their contributions and thus the fermionic and bosonic contributions precisely cancel
if supersymmetry is an exact symmetry:.

We show pictorially show the diagrams from bosons and fermions in Figure 2.7.

—_ —_  —_ e - = —

Figure 2.7: The corrections to the Higgs boson propagator, where f can be any MSSM
particle with mass, and .S can be any bosonic particle with mass.

The Higgs mass correction once supersymmetry is taken into account goes like:

A
Amé = mzoft W 1H(AUV/msoft) —+ ... s (237)

where ) is a dimensionless coupling, and “. ..” indicates higher-order terms. This rela-
tion gives us a natural scale for supersymmetry, which is denoted as mg.. The Mo
term is the mass scale at which supersymmetry is broken. If my.y is too large, then the
corrections to m?; are again unnaturally large. An estimate for this soft breaking scale
is on the order of a &~ TeV. When my. is of the order of a TeV we have natural super-

symmetry. This is the reason the theorists expected to find supersymmetry in the next
run of the LHC [15].
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2.9.1 Coupling Unification Problem

The next significant problem of the SM is that of the non-convergence of the coupling
constants at high energies. When we take the coupling constants of the SM and take
them to run with energy via the use of their beta functions, we find that they do not
converge at high energies. If we believe in unified theories, then this should startle us.
The idea of unification has been a reliable driver in both classical and modern physics,
we see the possibility of a unified force as a compelling possibility. The MSSM becomes
attractive in that, without any deliberate tuning we have the couplings of the theory
converging at approximately 10'® GeV. We show the running of the coupling constants
in Figure 2.8.
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Figure 2.8: The running of the SM couplings is shown by the solid lines. Displayed by
dotted lines, the MSSM provides a unification of these couplings at approximately 10'°
GeV which is below the Planck scale.

2.9.2 The Neutralino WIMP

Current measurements place luminous baryonic matter as comprising less than 5% of
all matter in the universe, with the dark matter being roughly five times more abundant.
Broadly speaking dark matter hypotheses can be split into Massive Compact Halo Ob-
jects (MACHOS) and particle dark matter. There are many varieties of particle dark mat-
ter, but a common variety is known as the Weakly Interacting Massive Particle (WIMP).
WIMPs are particles that are neutral and weakly interacting, much like the neutrino. If
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R-Parity is a conserved quantity in the MSSM, then the neutralino is a typical WIMP -
electrically neutral, weakly interactive, and typically very massive. The neutralino un-
der certain mass hypotheses is consistent with dark matter abundance in the universe

[19].






Chapter 3

The ATLAS Experiment

In this chapter, we introduce the Large Hadron Collider accelerator complex, and provide an
overview of the ATLAS experiment subsystems and object reconstruction methods. We then
pivot and provide details for the full run-II ATLAS dataset, we summarise the physics reach
of the Large Hadron Collider, and we outline our approach to simulation of the Standard
Model and Beyond the Standard Model processes. Finally, we give a timeline for ATLAS
detector development into the 2020s.

3.1 The LHC Acccelerator

The Large Hadron Collider (LHC) [20] is the world’s largest particle accelerator, and is
located under the Franco-Swiss border in the 27 km Large Electron—Positron Collider
(LEP) tunnel [21]. Planning for the LHC began in the 1980s, with operations first starting
in 2008. Unlike fixed-target experiments, a synchrotron design allows for the full con-
version of the energy from the co-circulating beams into collision products. The energy
loss of an accelerating particle is given by:

dE E*

EO(imle, (31)

where F is the energy of the charged particle; m is the mass of the particle, and R is
the radius of the curvature of the LHC. Taking this energy-loss equation into account
justifies the large mass of the hadron accelerants (H', Pb", and Xe'), as well as the
large circumference of the LHC synchrotron. Given a core scientific goal of the LHC is
to probe the energy frontier, a synchrotron design is the only technologically feasible
solution.

We now detail the LHC accelerator complex, a schematic is provided in Figure 3.1. The
LHC begins with a hydrogen gas canister which is the primary hadron source for the
LHC acceleration pipeline [22]. We inject the hydrogen into an electric field which strips
the electrons and leaves only bare protons. We form the protons into bunches, each
of which contains approximately 10! protons. The bunches are then accelerated by
the LINAC 2 using radiofrequency cavities to charge consecutive cylindrical conductors,
resulting in a source of protons at approximately 50 MeV. LINAC 2 is in the process
of being replaced by LINAC 4 which brings double the intensity and brightness of the
beam [23].

From the LINAC system, we then pass the bunches into the Proton Synchrotron Booster
[22] which further accelerates the protons from 50 MeV to 1.4 GeV and then the 7 km
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Figure 3.1: Schematic of the CERN accelerator configuration [22].

Super Proton Synchrotron accelerates the bunches from 25 GeV to 450 GeV [22]. We
then pass the bunches into the main counter-rotating vacuum beamlines of the LHC
machine itself. The two beamlines are encapsulated within two beampipes.

To constrain the co-circulating beams the LHC requires ultra-cool 8 T superconducting
magnets [24]. The LHC utilises both dipole magnets, responsible for the acceleration
of the bunches, and quadrupole magnets — responsible for the focusing and defocusing
of the beams into narrow transverse orbits. The pairing of these two kinds of magnets
is known as the accelerator lattice and comprises the base-unit of the LHC. Using this
lattice structure, the LHC accelerates the protons in the bunches to a maximum centre-
of-mass energy of 14 TeV.

Once the bunches are at the intended centre-of-mass energy, the LHC collapses the co-
circulating beams every 25 ns at four primary locations around the ring ATLAS [25],
CMS [26], ALICE [27] and LHCb experiments [28]. These four experiments are each
responsible for measuring and recording the collisions which the LHC produces. The
result of this independent approach is the generation of four completely independent
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datasets, each at /s = 13 TeV. We now outline one of these four primary experiments
— the ATLAS experiment.

3.2 'The ATLAS Experiment

The ATLAS experiment is a general-purpose detector located at Point 1 of the LHC. To
operate under the extreme conditions produced by the LHC, the electronics of the ex-
periment require fast readout and sufficient radiation hardness. To measure the decay
products of the collisions to appropriate precision, we require high detector granularity,
as well as a detector coverage approaching 47 steradians. ATLAS uses a right-handed
coordinate system with its origin at the nominal interaction point in the centre of the
detector. The positive z-axis is defined by the direction from the interaction point to the
centre of the LHC ring, with the positive y-axis pointing upward, while the beam direc-
tion defines the z-axis. Cylinderical coordinates (r,¢) are used in the transverse plane,
¢ being the azimuthal angle around the z axis. The pseudorapidity 7 is defined in terms
of the polar angle 6 by n = —In tan(6/2) The transverse momentum pr, the transverse
energy Er and the missing transverse momentum EF, which will be detailed in later
sections, are defined in the transverse plane.

Tile calorimeters
. : LAr hadronic end-cap and
) forward calorimeters
Pixel detector

LAr electiromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor fracker

Figure 3.2: The ATLAS detector [25].

The accurate identification and precise measurement of leptons is of vital importance
to a large number of benchmark physics scenarios. To identify particles with displaced
vertices such as 7-leptons and b-jets, we require vertex detectors to be close to the in-
teraction point. The measurement of electrons and muons requires accurate and pre-
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cise electromagnetic calorimetry. To identify and measure hadronic activity, we need
hadronic calorimetry. We must have an efficient trigger system so we can select physics
scenarios of interest.

We show the schematic overview of the ATLAS detector in Figure 3.2. The ATLAS de-
tector is 25 m in height and 44 m in length. The detector weighs approximately 7000
tonnes. The key subdetectors are the Inner B-Layer (IBL) [29], the pixel detector [30], the
Semiconductor Tracker (SCT) [31], the Transition Radiation Tracker (TRT) [32-36], the
Liquid Argon Electromagnetic Calorimeters (LAr), the solenoid and toroidal magnets,
the Tile Hadronic Calorimeters (TileCal), and the Muon spectrometer. These detectors,
in conjunction with support systems, comprise the ATLAS detector.

3.2.1 Tracking System

The ATLAS tracking system measures the tracks of charged particles and is composed
of four subdetectors, they are collectively referred to as the inner detector. The different
subsystems have different methods of extracting a charged particle’s position, a recorded
position of a particle’s position is known as a hit. The inner tracking system reconstructs
the best fit track for a given configuration of hits. The inner tracking system records a
particle’s position non-destructively, which allows other subdetectors, further from the
collision point, to also make accurate measurements of incident particles. The inner
detector provides tracking capability up to || < 2.5. We show an illustration of the
inner detector in Figure 3.3.

The four subdetectors in the tracking system are the IBL, the pixel detector, the SCT,
and the TRT. The IBL is located closest to the nominal interaction point starting at R =
33.25 mm [29]. The pixel detector is located from R = 50.5 mm to R = 122.5 mm and
comprises three layers [30]. The SCT is located from R = 299 mm to R = 514 mm and
is comprised at four nominal radii with eight layers in total. In the barrel region the SCT
uses a double-layer design, with the second layer being rotated by 40 mrad. This design
allows the extraction of not only R — ¢ but also z [31].

The TRT inner radius starts from R = 554 mm to R = 1082 mm and provides tracking
up to |n| < 2.0. The TRT, unlike the other three subsystems, does not provide a z
coordinate, however, it does provide a large number of hits, and measures the track over
a longer length than the SCT, pixel, and IBL [32-36]. The combination of all of these
tracking subsystems provides a robust measurement of R — ¢ and z. The output of the
inner detector consists of a collection of hits for every 25 ns time-slice, which provides
the information required to reconstruct charge particle trajectories.

3.2.2 Calorimetry System

The ATLAS calorimeters measure the energy of charged secondary particles created by
electromagnetic and hadronic showers. Electrons, positrons, and photons initiate elec-
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Figure 3.3: The inner detector of the ATLAS experiment. In (a) we show a subsystem
breakdown, and in (a) we show a cross-section slice, showing the radii that the subsys-

tems occupy [37].

tromagnetic showers, which typically evolve in the direction of motion with a transverse
spread. At very low energies electromagnetic shower evolution is driven by ionisation
of electrons, Compton scattering, and the photoelectric effect. At higher energies pair
creation and bremsstrahlung dominate electromagnetic shower evolution.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic
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LAr electromagnetic

barrel
LAr forward (FCal)

Figure 3.4: A cross-section view of the ATLAS calorimeter [37].
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The fully hermetic nature of the calorimetry system provides a strong handle on missing
transverse energy. We provide a schematic of the ATLAS calorimetry systems in Figure
3.4. The LAr systems serve the role of both electromagnetic and hadronic calorimeters.
The LAr calorimeters use liquid argon as the active medium and use lead, tungsten, and
copper as passive absorbers. The electromagnetic calorimeter has three core systems; the
LAr electromagnetic barrel, the endcap (EMEC), and the forward calorimeter (FCal). The
electromagnetic barrel covers a range of || < 1.475, and the electromagnetic end-cap
covers a range of 1.375 < |n| < 3.2 [37].

The LAr performs hadronic calorimetry in the endcap, whereas the TileCal, covers the
barrel region. The TileCal uses alternating steel and plastic scintillator plates. The steel
plates act as the absorber and the plastic scintillator as the active medium. Photons from
the active medium are captured by wavelength shifting fibres to photomultiplier tubes
where the data passes to the data-acquisition systems. The TileCal covers a region of
In| < 1.7 [37].

3.2.3 Muon Spectrometer and Toroidal Magnet System

The Muon Spectrometer (MS) is the outermost subdetector of the ATLAS experiment
[38]. We provide a schematic for the MS system in Figure 3.5. The MS measures high-py
muons with high precision and to provide fast readout capability, which allows trigger-
ing. The momentum of a muon can be measured by applying an external magnetic field.

The MS encompasses four different subdetector technologies as well as the barrel and
endcap toroidal magnets. The four subdetectors are the Resistive Plate Chambers (RPC),
the Thin Gap Chambers (TGC), the Monitored Drift Tube (MDT) chambers, and the Cath-
ode Strip Chambers (CSC). The MDT and CSC are used for tracking in the |n| < 2.5 and
2.0 < |n| < 2.5 ranges respectively. The RPC and TGC are used for triggering capabili-
ties in the ranges |n| < 1.05 and 1.05 < || < 2.5.

The toroidal magnet system consists of three air-core superconducting systems located
around the barrel and both end caps. The systems have an eightfold symmetry of coils
located azimuthally around the beam axis. The barrel region has a bending power of
1.5—5.5 Tm for |n| < 1.4 whereas the endcap system has a bending power of 1 — 7.5 Tm
for the region between 1.6 < |n| < 2.7. The region between the barrel region magnetic
field and the endcap magnet field is called the transition region; the 7 range for the
transition region is 1.4 < [n| < 1.6. In the transition region, the bending power is
smaller, and so the uncertainties on muon momenta are larger.

3.2.4 Trigger System

During nominal run-II operations, there is a bunch crossing every 25ns, which translates
to a bunch crossing rate of 40 MHz. Every event in run-II had an approximate size of
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Figure 3.5: Muon Spectrometer in the ATLAS detector [38].

2.4 MB. If we were to record all bunch crossings, then we would need the capability to
record 96 TB/s, which is currently a technological impossibility. The data acquisition
(DAQ) system is responsible for transporting all event data from the front-end buffers
to permanent storage. The DAQ system is summarised in Figure 3.6. DAQ starts at a
proton—proton collision and subsequent response from ATLAS subsystems. The tracking
information and other detectors pass directly into the detector readout system, and the
calorimeter and muon systems pass information into both the trigger system and the
detector readout system.

To handle this massive amount of data, the ATLAS trigger system has two levels the
Level-1 (L1) and the High-Level Trigger (HLT) [40-42]. The L1 system has two primary
subsystems; these are the L1 calorimeter and the L1 muon system. The two subsystems
are responsible for selecting physics signatures from the calorimeter and muon systems,
respectively. The L1-Calo and L1-Muon send their data through to the L1 Topological
Processor, where we can select on more derived quantities such as the scalar sum of the
object momenta, or the dilepton invariant mass. If there is a signature of interest, then
the L1 trigger accepts the given event, this is known as an L1 Accept.

The detector readout passes all data to the front-end electronics, where it awaits an L1
Accept. The readout drivers (ROD) receive the events, the readout system (ROS) then



32 The ATLAS Experiment

Tracking and
other detectors
data

Calorimeter_and Muon detectors 40 MHz
trigger data

Level 1 Accept

100 kHz

ReadOut System

Regions of Interest

Data Collection
Event Network

<+«——1 Data
ROI 12 kHz
requests
40 kHz Storage
1 kHz

Figure 3.6: Overview of the ATLAS trigger system [39].

reconstructs the events; this happens at the same time the L1 trigger creates Regions of
Interest (ROI) around triggered features. The HLT then receives the ROI and applies a
software approach to triggering.

The trigger menu contains the full suite of triggers available to the ATLAS experiment.
The physics use case dictates the bandwidth available to different triggers. Physics mea-
surements typically are awarded large bandwidth and can run on every bunch crossing.
These primary triggers usually incorporate topological information as well as momen-
tum thresholds for different triggered particles such as electrons, muons, jets, and even
missing transverse energy. Some triggers may record too many events; if this is the case,
we may restrict (prescale) the trigger to only operate on a subset of bunch crossings. The
result of this triggering system was a rate of recorded events in run-II of 1 kHz, with a
required readout speed of 2.4 GB/s, which when compared to 40 MHz is a substaintial
reduction.

3.3 Object Reconstruction

In this section, we outline the various methods used to reconstruct and identify objects
in the detector. These objects include tracks, vertices, electrons, photons, muons, 7-
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leptons, jets, and missing transverse energy. We show the correspondence between the
SM objects and reconstructed objects in Figure 3.7.
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Figure 3.7: Overview of SM particle vs ATLAS object reconstruction [43].

We describe the trajectory of a charged particle in a solenoidal magnetic field B using
a five-parameter helical approximation, shown in Figure 3.8. The five parameters which
define a track are the transverse impact parameter (dy), the longitudinal impact param-
eter (29), the azimuthal angle (¢), the pseudorapidity (1)), and the curvature (QQ/2pr).

To reconstruct a track we used a staged pattern-recognition approach [37]. We apply a
track-finding algorithm beginning from track seeds, which consist of 3 hits in the pixel
detector or Layer 1 of the SCT. The output of the track finding algorithm is a candidate
track. To extend the track candidates to the full SCT, we rank candidates by track quality
criteria and use neural networks to solve for combinatoric ambiguities [44]. Beyond
track reconstruction we also apply global x? fit requirements [45] and Kalman filtering
[46]. To reduce the number of fake tracks, we demand kinematic requirements such as
minimum pr > 400 MeV, and we require a track is located within the barrel of the inner
detector (|| < 2.5). We complete the track reconstruction process by extending the
candidate track from the Pixel and SCT detectors into the TRT.

In each collision, there are many simultaneous proton—proton collisions known as pileup,
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Helical Track Parameterisation
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Figure 3.8: Helical track parameterisation projections.
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and each of these collisions produces tracks. We determine the vertices by extrapolating
the tracks back to the beamline. We can reconstruct multiple vertices, but of these, we
define the primary vertex to be the one with the highest 3 p7.;, summed over all tracks.
Once we have a primary proton-proton collision, we can impose conservation of mo-
mentum constraints to its decay products. After defining the primary vertex, we define
secondary vertices. Secondary vertices come from decay products of the proton—proton
collision and are typically the result of heavy-flavour decays and photon conversions.

Electrons and Photons

Electrons and photons are identified by matching tracks to electromagnetic calorime-
ter signatures [47-49]. These signatures are required to meet both energy thresholds
and shower shape criteria. At the beginning of run-II, we have updated our method
of determining electromagnetic seeds for electron identification. The original method
was a fixed-size sliding-window approach, where we scanned the calorimeter in n — ¢
space in 3 x 5 towers to find clusters which had an energy deposit of 2.5 GeV [47-49].
A new method allows dynamic variable-sized clusters known as superclusters, we call
this method the supercluster method. We create superclusters for electrons and photons
independently of one another, which allows us to better account for the energy losses
associated with bremsstrahlung and photon conversions. We then apply energy calibra-
tions as well as position corrections to the clusters. To reconstruct an electron, we match
between the inner detector tracks and the superclusters; the matching uses x? pattern
matches in 17 — ¢ space [45]. By determining the superclusters for electrons and photons
independently, we can have ambiguities in reconstruction. Where there are ambiguities,
this is left up to the analysis to resolve. We are able to define benchmark identification
points for electrons and photons by using a number of shower shape variables [47, 50].
The three benchmark electron identification points are defined Loose+b-layer, Medium,
and Tight, each of which have impact parameter selections applied. The photon identi-
fication points are Loose, Medium, and Tight [51].

Muons

The muon ionises significantly less than the electron. As a result, muons are not stopped
in the calorimeters. Tracks for muons are reconstructed separately to the electron and
photon reconstruction method. We sort the muon candidates into three categories: com-
bined, tagged, and standalone. The combined category corresponds to when tracks from
the inner detector and MS are reconstructed and fitted together; this is the most com-
mon category of muon candidate. The tagged category corresponds to muon candidates
reconstructed with hits from only one layer of the MS and either an inner detector track
(muon-tagged) or energy deposit from the calorimeter (calo-tagged). The MS layer can
be either in the monitored drift tube or the cathode strip chambers. The standalone cat-
egory corresponds to muon candidates which only used the MS in reconstruction. We
extrapolate standalone candidates from the MS to the primary vertex, even through the
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region 2.5 < |n| < 2.7 which has no inner detector coverage [52]. There are four work-
ing points which are defined for muon identification, these are Loose (tagged-muons),
Medium (combined or standalone), Tight (medium plus additional track requirements),
and high py [52].

Jets

In the ATLAS experiment, we observe hadronised particle showers, or jets, not individual
quarks and gluons which were involved in the proton-proton collisions. Jets radiate
secondary gluons, resulting in the formation of colourless particle showers, which can
subsequently decay into leptons and photons. These showers leave tracks in the inner
detector as well as energy deposits in the electromagnetic and hadronic calorimeters.
All the energy of a shower is absorbed and stopped in the calorimeter, and so very little
of the shower makes it to the MS. In order to reconstruct these particles we apply the
anti-kp algorithm [53] to the topological clusters [54] in the calorimeters, typically with
a radius of R = 0.4. After reconstruction, we calibrate the individual jet energies and
incorporate systematic uncertainties.

b-tagged Jets

Once we have reconstructed jets using the anti-k7 algorithm, we can then apply a hy-
pothesis test to determine the likelihood of which type of object initiated them [55].
After we have produced a b-quark from the proton—proton collisions, it propagates for a
short time before hadronising; this seeds a jet with a measurably displaced vertex with
respect to the primary vertex. We can discriminate between light-quark seeded jets and
b-quark seeded jets, by leveraging this displaced vertex information. We use a Boosted
Descision Tree (BDT) based algorithm to determine how likely a jet is to have originated
from a b-quark, this algorithm is called MV2c10 and is typically referred to as b-tagging
[55]. The MV2c10 algorithm uses the input of three other algorithms as input. These three
algorithms are IP2D, IP3D which are impact parameter based algorithms, SV which is an
algorithm that fits for secondary vertices and JetFitter (JF) which performs a global
fit of the full hadron decay chain and attempts to reconstruct successive vertices with
a jet. The output of the MV2c10 algorithm is a distribution [55] which, given different
requirements allows us to select on b-tag efficiency, usually 60%, 70% or 85%.

Missing Transverse Energy

Missing transverse energy is an important observable for the ATLAS experiment. The
experiment has no subdetectors which are capable of measuring the presence of weakly
interacting particles, and yet there are many processes which produce them. Given their
importance to the physics reach of the experiment, it is vital to have a variable which can
at the very least act as a proxy for the weakly interacting particle’s momentum. From the
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design of the LHC we know that the proton—-proton beam has no significant momentum
transverse to the beam axis. This gives us a relationship between the initial and final
state momentum:

pr,f = Zpy,f = 07 (3-2)
f f

where p, s and p, ; are the  and y components of all final-state particles which were
produced by the initial parton-parton collision. We can split this relation into visible
and invisible components,

Z Pz + Z Pz = 0. (3-3)

i=visibles j=invisibles

We cannot resolve the individual invisible particles’ momenta but we can infer their total
vectorial sum in the x (y) direction(s):

;IELS)S: Z Pa(y)i = — Z Dax(y),is (3.4)

invisibles visibles

from this we can construct E}niss to be equal to:

Ejr{liss — \/(Egrcniss)z + (E’;niss)2 (3.5)
H™5 = arctan (E;mss / E;niss> : (3.6)

When we treat the missing energy as a 3-vector, we canonically set the z-component to
zZero.

miss

The reconstruction of 7" requires the input of all detector subsystems and strong un-
derstanding of the initial conditions of the collision [56]. The reconstructed X has
two components, these are the hard-event and the soft-event components. Hard-event
signals correspond to fully reconstructed and calibrated objects. The soft-event contri-
bution to E corresponds to tracks correspond to energy deposits not associated with
reconstructed objects. We define different working points for missing transverse energy,
these working points applying different criteria on the jet treatment in the forward end-
caps of the detector; these are Loose, Tight, Tighter, and Tenacious [56]. We can
write out the missing transverse energy’s dependence on reconstructed objects in the
following way:

miss __ miss,e miss,y miss, T miss,jets miss, miss,soft ’
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3.4 The ATLAS Experiment Dataset

As stated earlier, it is the responsibility of each experiment location around the LHC to
record the results of the LHC beam collisions. The goal of each of the experiment is to
produce high quality large statistics datasets. An important quantity for defining the
amount of data able to be recorded is given by:

Nl?nbfrev’yr

L =
dre, B*

(3.8)
where NN, is the number of particles per bunch, 7y is the number of bunches per beam,
frev is the revolution frequency, g is the relativistic gamma factor, €, is the normalised
transverse beam emittance, 3 is the beta function at the collision point and F' is a ge-
ometric reduction factor due to the non-zero crossing angle between the beams at the
interaction point.

The design instantaneous luminosity of the LHC is £ = 103! cm~2s™! [20, 57]. During
2018, the LHC delivered peak luminosities of more than double the design specifications;
we show this in Figure 3.9. As a direct result of the increase of luminosity, we have been
able to record more events than our run-II baseline expectations.
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Figure 3.9: The instantaneous luminosity recorded during the 2018 data-taking period by

the ATLAS experiment. The peak instantaneous luminosity is £ = 2.1 x 10%* cm 257!

[57, 58].
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Once we have recorded a dataset, we then want to compare to theory. We can quantify
the number of collisions corresponding to a given decay process with the relation:

Nobserved = Oprocess X BR x € x /dt£7 (3'9)

where Nopserved 1S the number of collisions recorded at a given experiment, 0pyocess 1S
the cross-section of the production of a specific process, BR is the branching ratio to a
given final state, € corresponds to all efficiencies considered for a given measurement,
and [ dtL corresponds to the integrated luminosity of the given dataset.

3.5 The Proton Parton Distribution Function

In Equation 3.9 we introduced op,ocess Which was the cross-section of a specific process
being produced in a proton—proton collision. The parton model describes the interac-
tions between the constituent quarks and gluons of the proton and gives us a method to
calculate opyocess. The MSTW 2008 parton density functions (PDFs) are shown in Figure

MSTW 2008 NLO PDFs (68% C.L.)
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Figure 3.10: The MSTW 2008 parton density functions, with the total momentum frac-
tion, x, of a given proton constituent as the independent variable [59].

The proton can be understood by the momentum fraction of each constituent particle.
Incorporating all the internal behaviour of the proton yields us the proton itself. The
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inclusive cross-section of proton—proton collisions is the most general way to describe
proton-proton collisions resulting in a final state X. The inclusive proton—proton cross-
section is given by:

Copeox = O [ dug [dunfi (Q%xa) 117 (@2 m) wox Q). (510)

a,be{q,9}

where 0, (Q?) is the partonic cross-section. The PDFs flﬁb) describes the probability for
a given parton of flavour a (b) to have a particular fraction x of the transferred momen-
tum () between the two partonic states at a given resolution scale Q2. This brings us
naturally to describing the physics reach of the LHC.

3.6 Physics Reach of the Large Hadron Collider

We now detail which processes dominate in a LHC environment given the luminosity
dependence laid out in Equation 3.9.

In Figure 3.11 we plot the cross-section of many SM processes measured at the LHC
for a given centre-of-mass energy [60]. The grey shows the theory predictions. The
blue, orange, and purple are the measurements at the centre-of-mass energies of 7, 8§,
and 13 TeV. The total pp cross-section is at least six orders of magnitude higher than
the next most prevalant process. In order of most dominant cross-section we have W
production followed by Z, tt, t t-channel, WW, H, Wt, W Z, t s-channel, ttW, ttZ, and
finally t 7.

In Figure 3.12 we plot the cross-section of Higgs boson production under different mass
assumptions [61]. We see in particular that for the measured Higgs boson mass of my ~
125 GeV the most dominant production mechansim for the Higgs is gluon-gluon fusion
(pp — H), followed by vector boson fusion (pp — qqH), W and Z bremsstrahlung
(pp — V H), tt fusion (pp — ttH), and finally pp — tH. Each of these production
mechanisms provides a means of measuring the Higgs boson. In Chapter 5 we target
pp — H and pp — qqH and the subsequent decay via H — WW and extract the
gluon-gluon fusion and vector boson fusion Higgs boson production cross-sections.

In Figure 3.13 we show the cross-sections in pb at /s = 13 TeV for supersymmetric
strong production and supersymmetric electroweak production [62]. When the masses
of gluinos, squarks, neutralinos and charginos are equal, the production process with
the highest cross-section is di-gluino production, followed by gluino-squark produc-
tion and di-squark production. After the strong production processes, we have elec-
troweakino production, which has cross-sections at least one order of magnitude less
than strong production cross-sections. The production cross-sections of the neutralino
and charginos are a function of the wino and bino mixing, with wino mixing having the
highest cross-sections. If the masses of the gluinos and squarks are much larger than the
electroweakino masses, the cross-sections of electroweakino production become more
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Figure 3.11: Cross-sections of SM processes vs centre-of-mass energy [60].

significant than the strongly produced sparticle cross-sections. In these situations, we
might discover supersymmetry through an electroweakino production process. This
regime is of particular interest to our work, and in Chapter 4, we outline our search
for electroweak production of supersymmetric particles.

3.7 Monte Carlo Simulation & Simplified Models

The typical design of a search analysis in the ATLAS experiment is a counting experi-
ment, where we compare the expected number of events with the observed. At the AT-
LAS experiment, we use Monte Carlo (MC) generators to simulate both the background
processes and the signal processes. The background processes constitute the expected
behaviour of the SM. In a search analysis, the signal processes correspond to what new
physics we believe may be present under a given number of selection criteria. We often
call a selection of criteria a Region. The search analyses in ATLAS optimise the selection
criteria based on these simulated events, and we determine the sensitivity of ATLAS to
new physics using these events. Where applicable, we may use the available dataset
to generate a data-driven background estimate. These data-driven estimates typically
have specialised validation procedures to ensure the applicability of the estimation in
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Figure 3.12: Higgs production cross-sections vs Higgs boson mass [61]

the given region.

Simulating the SM in the conditions the LHC provides is a difficult technical challenge.
To simulate run-II LHC conditions, we include initial state radiation (ISR) which comes
from the two incident protons. We account for the non-point-like structure of the proton
by acounting for our modelling of the PDFs.

We calcualte the matrix elements to a given order to capture a given theory’s behaviour.
We incorporate the effect of constructive or destructive interference of leading-order
and next-to-leading order diagrams so we can accurately forecast the sensitivity of our
experiments. We calculate the effect of the sizable amount of pileup, of parton showering,
of high-to-low energy evolution of parton showers, and we must be able to model final-
state radiation (FSR), and account for detector response.

Using a MC approach, we factorise these challenges into sub-tasks and improve our
understanding of each of them in turn. There is no “correct” way to solve these tasks,
and there are a large number of competing MC generators that take different approaches
to simulate events in the /s = 13 TeV LHC collisions.

When searching for supersymmetry we do not use fully-complete signal models; instead,
we use simplified models [63]. Simplified models define new physics with a TeV scale
Lagrangian, instead of a much higher-energy scale such as the GUT scale or the Planck
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Figure 3.13: The cross-section vs mass for gluinos, squarks and electroweakinos in a sub-
set of the MSSM. In general we can see for a given mass, electroweakino cross-sections
are smaller than supersymmetric strong production [62].

scale. Simplified models assume the interactions, and also assume the branching ra-
tios and cross-sections of such a model, typically branching ratios are taken to be 100%.
These are model-dependent assumptions and ones which, when relaxed, can have mas-
sive effects on exclusion and discovery reach. The benefits of using a simplified model
approach include: identifying the boundaries of search sensitivity, characterising new
physics signals, and deriving limits on more general models beyond supersymmetric
theories.

Often searches for beyond the SM are model-dependent and are cast as exclusions of
particular alternative hypotheses, or signal models. This approach runs the risk of too
narrowly defining selection criteria. A complementary approach is model-independent
limits, which assume no alternative hypothesis but do provide limits on the contribution
of beyond the SM physics to a given measurement. In Chapter 4, we present our results
in a model-independent fashion.
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3.8 LHC & ATLAS Upgrade Timeline

The LHC has a long history of development, construction, and operations. The vast
majority of LHC operations corresponds to data-taking (Runs) and machine maintenance
periods (Long shutdowns). The scientific programme of the LHC spans over the next 20
years and includes a series of technical upgrades and replacements of detectors. We show
the full timeline for LHC operations in Figure 3.14. The result of this 20 year scientific
programme will be the accumulation of a 3000 fb~! proton—proton collision dataset.

As of 2020, the LHC is in Long Shutdown 2 (LS2). During LS2, the individual experi-
ments have been performing routine maintenance and installation of upgrade subdetec-
tors. The LHC simultaneously has been undergoing maintenance and laying the ground-
work for Long Shutdown 3 (LS3), which will take place in 2024 through to 2027; LS3
will be the major machine maintenance upgrade during the lifetime of the LHC. During
LS3 we will be upgrading the LHC to the high-luminosity LHC (HL-LHC), as well as
replacing ATLAS subsystems.

LHC

Run1 | | Run 2 | | Run3

13-14 Tevm

- integrated
luminosity

Figure 3.14: The timeline of the LHC project. There are two major eras in this timeline;
the LHC era, and the High-Luminosity LHC era. The major units of these timelines
are Long Shutdowns (LS) and runs labelled run-I through to run-IV. In red we have
the expected centre-of-mass energy of the LHC, and in green, we have the expected
luminosity as compared to the nominal LHC luminosity [64].

In ATLAS, we call the first upgrade phase-I, which started in 2018. The upgrade projects
covered by phase-I include the Liquid Argon Calorimeter (LAr), Tile Calorimeter (TILE),
the New Small Wheel (NSW), BIS78, and the Trigger and Data Acquisition System (TDAQ),
as well as the Fast Tracker (FTK). The FTK project due to unexpected funding constraints
has been ramped down with a modified scope and will not be installed in the ATLAS
detector. In Section 6.1, we explore the FTK and the lessons we have learned in Fast Sim-
ulation. In Figure 3.15, we show the number of hits in each layer of the pixel and SCT
detectors as a function of instantaneous luminosity. The increased number of hits will
have a substantial effect on the reconstruction time. In the second plot in Figure 3.15,
we see the effect of increased pileup on the reconstruction time in seconds per event.
The current configuration of the LHC operates at a nominal pileup of approximately
60. We designed the FTK to operate under the challenging conditions the LHC machine
provides.
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Figure 3.15: Tracking is highly dependent on detector conditions. Here in (a) we show
number of hits vs luminosity for the pixel detector and SCT respectively, and in (b) we
show reconstruction time vs pileup.

As has been described in Section 3.2.4, the ATLAS trigger system is split into a hardware-
based Level-1 and a CPU based HLT. Tracking is computationally expensive and requires
a lot of processing capability. The HL-LHC, which will operate not only at slightly
greater centre-of-mass energies but also at higher instantaneous luminosities, and with
a more substantial nominal pileup, will have more difficult data-taking conditions.

In 2024 the major machine maintenance period LS3 will begin, and with it, ATLAS will
commence installation of its phase-II detector upgrades. These detector upgrades are
comprehensive and will provide replacements for parts of the ATLAS detector. These
phase-II upgrades include the Inner Tracker (ITk), the Liquid Argon Calorimeter, the
Tile Calorimeter, and the high Granularity Timing Detector (HGTD), Muon spectrometer
upgrade, TDAQ upgrades and a Hardware Tracking for Trigger (HTT) system. The ITk is
the replacement detector for the pixel detector, SCT, and TRT detectors and will use two
principal technologies; strips and pixels, with no TRT analogue. A significant difference
between the SCT strips and ITk strips systems is the switch from p-n-p doped silicon to
n-p-n doped silicon. The change of silicon doping has effects on the digitisation software
used for the ITk. In Chapter 7, we will explore the operating conditions of the HL-LHC
and we detail work performed to validate the use of existing software implementations
of digitisation, and provide a report into what is required of the ITk project in order to
move forward.






Chapter 4

Search for Supersymmetric Electroweak
Production

In this chapter, we detail the work performed on the chargino—neutralino supersymmetry
search using the full run-I \/s = 13 TeV ATLAS experiment dataset.

The production cross-sections of supersymmetric particles are functions of the centre-
of-mass of the LHC. In the scenario where the strong sector supersymmetric particles
are much more massive than electroweakinos, the visible cross-section of the gluino and
squarks is smaller than the visible cross-section of electroweakino production. In this
analysis, we specifically target a search for supersymmetry via the electroweak produc-
tion mode, and our analysis is also a follow-up to a previous chargino—-neutralino search
[65]. In 2015-2016 an analysis was published focusing on the search for ¥ %9 produc-
tion using a 36.1 fb~" dataset. The analysis saw four excesses in four orthogonal regions.
These signal regions were SR2¢_Low, SR2/_ISR, SR3/_Low, and SR3/_ISR. We summarise
the excesses in Figure 4.1. This chapter will summarise our follow-up to this analysis.
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Figure 4.1: A summary of control, validation, and signal regions for the 2015-2016 ana-
lyis.

4.1 Our Signal

The signal we target in this analysis is associated produced electroweakino Yi X} pro-
duction with conserved R-parity. A feature of hadron colliders is initial state radiation
(ISR) of quarks and gluons, which will boost any produced sparticles while contribut-
ing extra jets to the measured events. Given this ISR feature, we designed our analysis
to target Y X3 associated production with and without the presence of additional jets.
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We study the ¥i Y3 production modes in the context of simplified models. We assume
wino-like Y7 Y3 production, with a bino-like Y!, which is identified as the Lightest Super-
symmetric Particle (LSP). The signal process we target is ¥i X3 decaying via a SM W=
and Z" which gives us a two-lepton or three-lepton final-state — depending on whether
W*decays hadronically or leptonically. Overall, we target four signal scenarios, these
are two and three-lepton final states with and without additional jets from initial state
radiation. We illustrate the four targetted signal scenarios in Figure 4.2.

(c) 2¢ ISR (d) 3¢ ISR

Figure 4.2: We sere signal models based on the W decaying either leptonically or hadron-
ically, as well as the presence of initial state radiation. This naturally creates 2¢ and 3¢
signals, and ISR and non-ISR signals [65].

4.2 Analysis Overview

We define our analysis region parameter space in Figure 4.3. On the = axis we have the
mass of the degenerate sparticles Y7 /X3. The y axis corresponds to the mass of the LSP
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XJ. The cross-hatched shaded region from 100 GeV diagonally is the region where \! is
the lightest supersymmetric particle. The dashed diagonal line from (0, 100) defines the
area where Y7 /X3 can decay to an on-shell Z boson and the LSP. We define four regions
of interest; low-mass, ISR, intermediate-mass and high-mass. The low-mass region and
the ISR region are orthogonal based purely on jet multiplicity requirements, but target
the same mass space. This analysis is a follow up from a previous result [65], and only
considers the ISR and low-mass regions. The intermediate and high-mass regions are
not considered here.

Figure 4.3: Schematic of the analysis design [65].

4.3 Recursive Jigsaw Reconstruction Implementation

The recursive jigsaw reconstruction technique (RJR) is an approach which allows us to
resolve combinatoric and kinematic ambiguities of any production or decay topology
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[66]. The RJR technique resolves ambiguities by first assuming a decay topology and
then by applying assumptions about the unknown degrees of freedom in that topology.
We apply these assumptions with algorithms we call jigsaw rules. By applying these
rules to an unconstrained final state, we can extract values for the unknown degrees of
freedom. Once each unknown degree of freedom has a constraint, we have a four-vector
corresponding to each final state object. Taking these four-vectors, we can then use
relativistic kinematics to recursively boost to intermediate states between the production
and final states. Using this technique, we can create a natural basis of variables for a
given topology, leveraging this information allows us to define new selection criteria.

Figure 4.4: A recursive jigsaw generic decay tree.

The electroweak signal model we target is one such example of an unconstrained decay
topology. In the case of YiX), we have two lightest, stable neutralinos which carry a
significant proportion of the momentum and energy, thus leaving the visible sector of the
decay unconstrained. By applying the RJR technique, we can define a basis of variables
to define Signal Regions (SRs).

4.3.1 Standard Approach

Applying RJR requires an assumption of the decay topology called a decay tree; we show
an example of a generic tree in Figure 4.4. We split the decay tree into four states; the
“Lab State” denoted with grey, the “Decay States” denoted with red, the “Visible states”
denoted with blue, the invisible states denoted in green. The lab state (LAB) corresponds
to the lab frame, the decay states (PP, P,, P,) correspond to intermediate states, the
visible states (V,, V}) and invisible states (/,, I;) which correspond to observed and un-
observed states. Visible states are the most straightforward; where they correspond to
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measured particles — leptons and jets. By making an assumption about the invisible par-
ticles and the topology of the event, we can break the E* vector into I, and I;. For the
visible states, we assign particles or groups of particles to a corresponding frame. The
four-momentum of the frame corresponds to its constituent particle’s four momenta.

Examples of the possible assumptions are that the invisible particle’s mass is zero, or that
the rapidity of the visible system is equal to that of the invisible system. We also need
to take into account the intermediate particles and whether or not they are off-shell. We
show a schematic breakdown of the RJR approach in Figure 4.5. In Figure 4.6 we show
a schematic view of the scalar summation of n visible particles and m invisible particles
in a generic event. In Figure 4.7 we show a schematic view of the vector summation of
n visible particles and m invisible particles in a generic event.

An event defined in the @ frame

lab
Pr pp

@

Figure 4.5: A schematic view of a typical event in an RJR approach. On the left, we have
n visible objects denoted by the light-purple colour. These visible objects are tracks,
leptons, jets or composite objects. We denote the invisible system, with light-green.
Typically an event has more than one source of missing momentum, but we cannot
resolve the individual contributions to this measured quantity; thus we illustrate /4, + 5.

The main group of variables used in our search are the so-called hemisphere variables
which are denoted with H. Here, Hemisphere refers to each branch of the decay tree.
Hemisphere variables are constructed in a given frame with different combinations of
visible and invisible momenta.

n F
{ J

The H variables are labelled with a superscript ' and two subscripts n and m. The
F' denotes the rest frame the hemisphere variable is calculated in, n is the number of
groups the visible objects are partitioned into, and m represents the number of groups
the invisible particles are separated into. If the subscript 7" is used then it indicates that
only transverse momenta of the particles enter into the calculation of the hemisphere
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variable.

Scalar Sum of Visibles + Invisibl
PP
H 41
> - < -

Figure 4.6: A schematic view of the scalar summation of n visible particles of a generic
event. In this approach, we take the absolute magnitude of each objects momentum and
add those to the absolute value of the invisible system’s momentum. This quantity gives
us an idea of the energy scale involved in a given parton—parton interaction.

Vector Sum of Visibles + In

b Hf}f

(p) -- -

Figure 4.7: A schematic view of the vector summation of n visible particles of a generic
event. In this approach, we add all momenta of all n visible particles, and then take
the absolute value of that sum. We add this sum to the invisible systems momentum
magnitude. This quantity is similar to twice the value of the missing transverse energy.
When we take the ratio between the vector and the scalar quantities, we get a variable
sensitive to the initial boosts of parent objects, and thus the geometry of the decay.

4.3.2 ISR Approach

The second approach we utilise is for events with at least one high-py jet from an initial
state radiation (ISR) system. Such events need not have significant amounts of FX***. In
order to target an ISR topology, we use a different decay tree, as shown in Figure 4.8. This
tree is more straight forward than the generic tree approach but provides some powerful
variables for discrimination.
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Figure 4.8: The recursive jigsaw ISR decay tree [65].

Similarly to the generic case, the ISR decay tree is split into lab state, decay states, visible
states, and invisible states. The ISR decay tree introduces the CM Centre-of-Mass frame,
the ISR frame and the system frame S, which corresponds to the hard-scatter of the
underlying signal process. We use all visible and invisible objects to determine where
the jets are assigned using mass minimisation of the ISR system and the sparticle system.
We show a schematic view of the ISR system in Figure 4.9. In the ISR approach, given we
use only the transverse components of the E™, we only use the transverse components
of all other input objects.

We take the E2 and assign it to the invisible system I. We take all leptons and assign
these to the visible system V. The full set of jets is denoted with J,;. The jets are
not yet assigned to a frame. In order to assign the jets to either the ISR or S we take
all two-group combinations of jets denoted .J, and .J,. The set of all jets is given as

Jan = {J1, 72, J3s - - Jn}-

We choose the jet assignment to ISR and S based on the combination which has the
minimum mass for J, and Jj:

{Jisr, Js| min [M (Jisg.a) + M (Jsp)]}, (4.2)

where a and b denote any two-group combination of jets.

Having defined ISR, V and I we can boost to any frame in the decay tree. We now give
examples of ISR decay tree variables.

p%\ldSR is the momentum of the ISR system in the CM frame. The magnitude of the vector
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ISR, in @ frame and frame drift in @ frame

CM SCM | 5 CM LAB
Pr1sr |pTJ "Prisr Dr.cm
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Figure 4.9: A schematic view of the ISR system. We define this approach in the centre-of-
mass frame. We define the momentum of the ISR system, the momentum of the invisible
system, the azimuthal angle between the ISR and the invisible system, as well as the LAB
frame drift of the CM frame.

sum of the I system in the CM frame is denoted as p%l}/[ This variable corresponds to
the missing transverse momentum without the ISR recoil. The momentum of the CM
frame, measured in the LAB frame, is given by p$™. Small values of p$™ correspond to
situations where we have correct assignment and an initial total transverse momentum
of zero. Given the imperfections of assignment, low values of p$™ correspond to a well
described system. The next variable described in this approach is Rjsg which is given

by:

[P - Prisel
Risr = 7|ﬁTC%\é[R, ; (4.3)

where we take the dot product of the I system 3-vector and the direction of the ISR
system 3-vector, divided by the ISR system momentum.

Risr is an estimate of m o / Mg /gt The quantity corresponds to the amount of momen-
tum carried by the invisible system being attributed to the ISR kick in units of the ISR
boost. As p%\IASR gets larger it becomes increasingly difficult for backgrounds to have a
large Risg. The final ISR variable we highlight is Agzﬁ%\{{’l which is the azimuthal opening
angle between the ISR system and the invisible system in the CM frame. In Figure 4.10
we summarise the ISR variables in use in the analysis.
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Ratio of Invisibles along ISR axis, in units of ISR

-CM ~ CM
|pT,I " Pr ISR p’%IMSR
@- e cm) .
SCM A CM
Ricn — |pT,I "PrISrR
5= oy O —
Pr 1SR

Figure 4.10: A schematic of the projection of the INV system onto the ISR boost-axis, in
units of the ISR system momentum. This defines Rjsg which is a very useful variable for
ISR scenarios.
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4.4 Technical Setup

The dataset used in this analysis was collected by the ATLAS detector during run-II
operations. We show the delivered luminosity of the ATLAS dataset between 2011 and
2018 in Figure 4.11a. The peak luminosity in 2015-2016, 2017 and 2018 was measured to
be 5.2x10%3 em 2571, 1.37x 10** em 2571, and 2.1 x 103 em 251, respectively [57, 58].
In Figure 4.11b, we show the luminosity weighted distribution of the average number of
interactions per crossing for the full run-1I proton—proton collision data at \/s = 13 TeV
centre-of-mass energy [57]. The average pileup is broken down in terms of individual
years and the average pileup over the full run-II dataset is overlaid. The average number
of pileup events in 2015 was (;1) = 14 and by 2017 increased to (1) = 37.8, by 2018 the
average pileup decreased to (i) = 36.1 due to luminosity levelling [57].

In Figure 4.12, we show the evolution of the ATLAS total integrated luminosity as a
function of time over run-II [57]. We see during run-II the LHC delivered 156 fb™*
of proton—proton collisions, while the ATLAS detector recorded 147 fb~! [57]. Upon
applying beam, detector, and data-quality criteria, the ATLAS experiment had a good-
for-physics dataset of 139 fb™' [57].
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Figure 4.11: The delivered integrated luminosity and pileup distributions for the ATLAS
experiment during run-II operations [57].

The simulation of background processes requires an understanding of the detector re-
sponse, geometry, and object reconstruction definitions, as well as the aforementioned
pileup conditions. We describe the object reconstruction methods in Section 4.5. In our
analysis, for each background, we chose the MC generator which models the given back-
ground best. Once we have generated and simulated the MC, we validate them against
the run-II dataset to confirm the agreement between the two; this is done in Section 4.8.
We will now summarise the MC generators chosen for each background process, as well
as the signal process choices.

In this electroweak analysis we use a set of MC background samples and signal samples
to optimize the selection criteria. The MC generators are summarised in Table 4.1.
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Figure 4.12: Breakdown of the total integrated luminosity of the ATLAS dataset [57].

Table 4.1: The SUSY signals and the Standard Model background MC samples used in
this search. The generators, the order in a5 of cross-section calculations used for yield
normalization, PDF sets, parton showers and parameter tunes used for the underlying
event are shown.

Physics process Generator Cross-section  PDF set Parton shower Tune
normalization

SUSY processes MADGRAPH v2.2.3 NLO+NLL NNPDF2.3LO PyTHIA 8.186  Al4

Z [y (= €0) + jets SHERPA 2.2.1 NNLO NNPDF3.0NNLO SHERPA SHERPA default

v + jets SHERPA 2.1.1 LO CT10 SHERPA SHERPA default

H(— 77), H(— WW) PowHEG-Box v2 NLO CTEQ6L1 PyTHIA 8.186  Al4

HW, HZ MG5_aMC@NLO 2.2.2 NLO NNPDF2.3LO PyTHIA 8.186  Al4

tt+ H MG5_aMC@NLO 2.2.2 NLO CTEQ6L1 HerwiG 2.7.1  Al4

tt PowHEG-Box v2 NNLO+NNLL CT10 PyTHIA 6.428  Perugia2012

Single top (Wt-channel) PowHEG-Box v2 NNLO+NNLL CT10 PyTHIA 6.428  Perugia2012

Single top (s-channel) PowHEG-Box v2 NLO CT10 PyTHIA 6.428  Perugia2012

Single top (¢-channel) PowHEG-Box v1 NLO CT10f4 PyTHIA 6.428  Perugia2012

Single top (Zt-channel) MG5_aMC@NLO 2.2.1 LO CTEQ6L1 PyTHIA 6.428  Perugia2012

tt+W/WW MG5_aMC@NLO 2.2.2 NLO NNPDF2.3LO PyTHIA 8.186  Al4

tt+ 27 MG5_aMC@NLO 2.2.3 NLO NNPDF2.3LO PyTHIA 8.186  Al4

WW,WZ,ZZ SHERPA 2.2.1 NLO NNPDF30NNLO SHERPA SHERPA default

Ve SHERPA 2.1.1 LO CT10 SHERPA SHERPA default

Triboson SHERPA 2.2.1 NLO NNPDF30NNLO  SHERPA SHERPA default

The production of Z bosons in association with jets [67] was performed with the SHERPA
2.2.1 generator [68]. The NNPDF3.0NNLO [69] parton distribution function (PDF) was
used in conjunction with dedicated parton shower tuning developed by the SHERPA
authors. The matrix elements (ME) were calculated for up to two partons at next-to-
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leading order (NLO) and with up to two additional partons at leading order (LO) using
the Comix [70] and OPEN Loops [71] matrix-element generators, and merged with the
SHERPA parton shower (PS) [72] using the ME+PS@NLO prescription [73]. We use the
data-driven ABCD technique to estimate Z/~v*+jets contributions in the Signal Regions
(SRs) and Z/~*+jets MC in higher statistics regions, y+jets events were generated at LO
with up to four additional partons using the SHERPA 2.1.1 generator with CT10 [74] PDF
set. We describe the ABCD technique generically in Section 4.7, and for our specific
analysis we describe it in Section 4.13.

The PowHEG-Box v2 [75] generator was used for the generation of ¢f and single top-
quark processes in the Wt- and s-channels [76], while ¢-channel single-top produc-
tion was modeled using PowHEG-Box v1 [77]. For the latter process, the decay of the
top quark was simulated using MadSpin [78] preserving all spin correlations. For all
processes the CT10 [74] PDF set was used for the matrix element, while the parton
shower, fragmentation, and the underlying event were generated using PyTHIA 6.428
[79] with the CTEQ6L1 [80] PDF set and a set of tuned parameters called the Perugia 2012
tune [81]. The top-quark mass in all samples was set to 172.5 GeV. The ¢t and the Wt-
channel single-top events were normalized to cross-sections calculated at next-to-next-
to-leading-order plus next-to-next-to-leading-logarithm (NNLO+NNLL) [82-85] accu-
racy, while s- and ¢-channel single-top-quark events were normalized to the NLO cross-
sections [86, 87]. The production of Zt events was generated with the MG5_aMC@NLO
2.2.1 [88] generator at LO with the CTEQ6L1 PDF set.

The MG5_aMC@NLO 2.2.2 (2.2.3 for tt + Z/~*) generator at LO, interfaced to the PyTHIA
8.186 [39] parton-shower model, was used for the generation of t¢ + EW processes (tt
+ W/Z/WW) [90], with up to two (tt+W, tt+Z(— vv/qq)), one (tt+Z(— £()) or no
(tt + W W) extra partons included in the matrix element. The events were normalized to
their respective NLO cross-sections [91, 92]. Collectively these top processes are refered
to as “Top Other”.

Diboson processes (WW, W Z, ZZ) [93] were simulated using the SHERPA 2.2.1 gener-
ator and contain off-shell contributions. For processes with four charged leptons (4¢),
three charged leptons and a neutrino (3/+1v) or two charged leptons and two neutrinos
(2¢+2v), the matrix elements contain all diagrams with four electroweak couplings, and
were calculated for up to one (44, 2(+2v) or no extra partons (3/+1v) at NLO. All diboson
samples were also simulated with up to three additional partons at LO using the Comix
and OPENLoOOPs matrix-element generators, and were merged with the SHERPA parton
shower using the ME+PS@NLO prescription. The diboson samples were normalized to
their NLO cross-sections [94, 95]. Additional MC simulation samples of events with a
leptonically decaying vector boson and photon, Vv, where V' = W, Z were generated
at LO using Sherpa 2.1.1 [68]. Matrix elements including all diagrams with three elec-
troweak couplings were calculated with up to three partons at LO and merged with the
Sherpa parton shower [96] according to the ME+PS@LO prescription [97]. The CT10
PDF set is used in conjunction with dedicated parton shower tuning developed by the
Sherpa authors.
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Triboson processes (WWW, WW Z, W ZZ and ZZ Z) were simulated with the SHERPA
2.2.1 generator with matrix elements calculated at LO with up to one additional parton.
The triboson events were normalized to their LO cross-sections [98].

Higgs boson production processes, including gluon-gluon fusion, associated vector bo-
son production, V H,', and vector-boson fusion, VBF, were generated using POWHEGV2 [76]
+ PyTH1A8.186 and normalized to cross-sections calculated at NNLO with soft gluon emis-
sion effects added at NNLL accuracy, whilst ¢t H events were produced using AMc@NLO
2.2.2 + HERWIG 2.7.1 [99] and normalized to the NLO cross-section [100]. All samples
assume a Higgs boson mass of 125 GeV.

The MC signal samples were generated from leading-order matrix elements with up to
two extra partons using MADGRAPH v2.2.3 [101] interfaced to PyTHIA version 8.186, with
the A14 parameter tune [102], for the modeling of the SUSY decay chain, parton shower-
ing, hadronization and the description of the underlying event. Parton luminosities were
provided by the NNPDF23LO PDF set [74]. Jet—parton matching follows the CKKW-L
prescription [103], with a matching scale set to one quarter of the Yi /) mass. Signal
cross-sections were calculated at NLO in the strong coupling constant, with soft gluon
emission effects added at next-to-leading-logarithm (NLL) accuracy [104-108]. The nom-
inal cross-section and the uncertainty were taken from an envelope of cross-section pre-
dictions using different PDF sets and factorization and renormalization scales, as de-
scribed in Ref. [109].

4.5 Object Reconstruction and Identification

The definitions of the objects used are described in this section. The objects used in the
ATLAS experiment are defined by comparison between MC and Data. These definitions
are general and not specific to this analysis.

The reconstructed primary vertex of the event is required to be consistent with the lumi-
nous region and to have at least two associated tracks with py > 400 MeV. When more
than one such vertex is found, the vertex with the largest 3" p% of the associated tracks
is chosen.

Two different classes of reconstructed lepton candidates (electrons or muons) are used in
the analysis, labeled baseline and high-purity in the following. When selecting samples
for the search, events must contain a minimum of two baseline electrons or muons.

Baseline muon candidates are formed by combining information from the muon spec-
trometer and ID as described in Reference [110], must pass the medium identification
requirements defined therein, and have pr > 10 GeV and |n| < 2.7. High-purity muon
candidates must additionally have |n| < 2.4, the significance of the transverse impact
parameter relative to the primary vertex |d}V|/o(d}Y) < 3, and the longitudinal impact

The letter V' represents the W or Z gauge boson.
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parameter relative to the primary vertex |z} Vsinf| < 0.5 mm. Furthermore, high-purity
candidates must satisfy the GradientLoose isolation requirements described in Reference
[110], which rely on tracking-based and calorimeter-based variables and implement a
set of - and pp-dependent criteria. The highest-pr(leading) high-purity muon is also
required to have pr > 25 GeV. The baseline and signal lepton identification criteria
for muons are summarised in Table 4.2. Baseline electron candidates are reconstructed

Table 4.2: Summary of the muon selection criteria. The signal selection requirements are
applied in addition to the baseline selection criteria, and take place after overlap removal.

Category Acceptance PID Quality Isolation Impact Parameter

Baseline Muon pr > 10 GeV  Medium - |20sinf| < 0.5 mm
|nclust| < 2.40

Signal Muon  pr > 10 GeV  Medium FixedCutTight |zpsinf| < 0.5 mm
Inlust| < 2.40 |do/ca,] <3

from an isolated electromagnetic calorimeter energy deposit matched to an ID track.
They are required to have pr > 10 GeV, |n| < 2.47, and to satisfy a set of quality cri-
teria similar to the Loose likelihood-based identification criteria described in Reference
[111], but including a requirement of a B-layer hit. High-purity electron candidates ad-
ditionally must satisfy MediumLH selection criteria described in Reference [111]. They
are also required to have |d}V|/o(d}Y) < 5,
requirements that are the same as those applied to high-purity muons [111]. The lead-
ing high-purity electron is also required to have pr > 25 GeV. The baseline and signal
lepton identification criteria for muons are summarised in Table 4.3.

2(1)3 VSin€| < 0.5 mm, and to satisfy isolation

Table 4.3: Summary of the electron selection criteria. The signal selection requirements
are applied in addition to the baseline selection criteria, and take place after overlap
removal.

Category Acceptance PID Quality Isolation Impact Parameter

Baseline Electron pp > 10 GeV  LooseAndBLayerLLH - |z08inf| < 0.5 mm
|7701ust| < 247 -

Signal Electron ~ pr > 10 GeV  LLHMedium FixedCutTight |2gsinf| < 0.5 mm
|nlust| < 2.47 |do/cay] <5

Jet candidates are reconstructed using the anti-k; jet clustering algorithm [112-114] with
a jet radius parameter of 0.4 starting from clusters of calorimeter cells [115]. The jets
are corrected for energy from pileup using the method described in Reference [116]: a
contribution equal to the product of the jet area and the median energy density of the
event is subtracted from the jet energy [117]. Further corrections, referred to as the
jet energy scale corrections, are derived from MC simulation and data and are used to
calibrate the average energies of jets to the scale of their constituent particles [118]. In
order to reduce the number of jets originating from pileup, a significant fraction of the
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tracks associated with each jet must have an origin compatible with the primary vertex,
as defined by the jet vertex tagger (JVT) output [119]. Only corrected jet candidates with
pr > 20 GeV and |n| < 4.5 are retained. High-purity jets are defined with the tighter
requirement || < 2.4. The chosen requirement corresponds to the Medium working
point of the JVT and is only applied to jets with py < 60 GeV and || < 2.4.

An algorithm based on boosted decision trees, MV2c10 [120, 121], is used to identify jets
containing a b-hadron (b-jets), with an operating point corresponding to an efficiency of
77% per b-jet, and rejection factors of 134 for light-quark and gluon jets and 6 for charm
jets [121], for reconstructed jets with pp > 20 GeV and |n| < 2.5 in simulated ¢ events.
Candidate b-tagged jets are required to have pr > 20 GeV and |n| < 2.4. The baseline
and signal identification criteria for jets, as well as b-tagging criteria are summarised in
Table 4.4.

Table 4.4: Summary of the jet and b-jet selection criteria. The signal selection require-
ments are applied in addition to basline requirements. Signal b-jet selection is in addition
to the signal requirements. These requirements take place after overlap removal.

Category Collection Acceptance JVT b-tagger Algorithm Efficiency
Baseline jet AntiKt4EMTopo pr > 20 GeV,|n| <4.5 - - -
Signal jet  AntiKt4EMTopo pr > 20 GeV,|n| <24 [JVT| > 0.59* - -

Signal b-jet  AntiKt4EMTopo pr > 20 GeV,|n| < 2.4 [JVT| > 0.59* MV2c10 7%

After the selection requirements described above, ambiguities between candidate jets
with |n| < 4.5 and baseline leptons are resolved as follows:

1. Any electron sharing an ID track with a muon is removed.

2. If a b-tagged jet (identified using the 85% efficiency working point of the MV2c10
algorithm) is within AR = \/ (Ay)? + (A¢)? = 0.2 of an electron candidate, the
electron is rejected, as it is likely to originate from a semileptonic b-hadron decay;
otherwise, if a non-b-tagged jet is within AR = 0.2 of an electron candidate then
the electron is kept and the jet is discarded as it is likely to be due to the electron-

induced shower.

3. Electrons within AR = 0.4 of a remaining jet candidate axis are discarded, to
suppress electrons from semileptonic decays of c- and b-hadrons.

4. Jets with fewer than three associated tracks that have a nearby muon that carries
a significant fraction of the transverse momentum of the jet (p% > 0.7 % pi' ™,
where p4. and pl ™ are the transverse momenta of the muon and the tracks
associated with the jet, respectively) are discarded either if the candidate muon is
within AR = 0.2 of the jet axis or if the muon is matched to a track associated
with the jet.

5. Muons within AR = 0.4 of a remaining jet candidate are discarded to suppress
muons from semi-leptonic decays of c- and b-hadrons.
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The events used by the searches described in this paper are selected using high-purity
leptons and jets with a trigger logic that accepts events with either two electrons, two
muons or an electron plus a muon. We summarise the triggers used for each data-taking
period in Table 4.5.

Table 4.5: The triggers used for each year of data-taking at the ATLAS experiment. These
triggers are all dilepton triggers and split based on lepton flavour composition. In general
we require very loose likelihood requirements for lepton identification, and do not apply
selections on the transverse impact parameters. Different years have different triggers
due to different data-taking conditions.

Year ee trigger e trigger el trigger
2015 2e12 1hloose L12EM10VH 2muil0 el7 1lhloose muléd
2016 2el7_1lhvloose_nodO mu22_mu8noL1 or el7 _lhloose nod0 mul4 or
2muld e7_lhmedium nodO_mu24
2017 2el17_lhvloose_nodO or mu22_mu8nolL1l or el7_1hloose _nod0O_mul4 or
2e24 1hvloose_nodO 2muléd e7_lhmedium nod0 mu24

2018 2el17_lhvloose_nodO or el7_1hloose_nod0_mul4 or mu22_mu8nolLl or
2e24 1hvloose_nod0 2mul4 or e7_lhmedium_noO_mu24

The measurement of the missing transverse momentum vector P ( and its magni-
tude E*%) is based on the calibrated transverse momenta of all electron, photon, muon,
and jet candidates, as well as all tracks originating from the primary vertex, and not
associated with such objects [122]. The missing transverse momentum is defined as the
negative of the vector sum of these object momenta.

4.6 Fakes Matrix Method

MC generators can model production and decay of physics processes well, though it is
significantly more challenging to model detector response and the subsequent recon-
struction of physics objects. Given object reconstruction is based on detector response,
one underlying particle can produce a detector response which looks like another. In
situations where one particle is reconstructed incorrectly as another, we call that falsely
reconstructed object a fake. Collectively, events which fake their way into passing se-
lection criteria are known as fakes. Given it is challenging to model detector response,
instead of using the individual MC samples to model the fakes contributions, we use the
data from the run-II dataset. The approach we use to create this fakes estimation sample
is the data-driven matrix method.

The matrix method works by taking events with at least two-lepton selection. We then
select at least two leptons with which to apply the matrix method. In the case of a three-
lepton selection, we chose the two softest leptons. From the selected events, we classify
leptons into two groups. The first group are leptons which pass baseline (Loose) lepton
criteria. The second group are leptons which pass signal (Tight) lepton criteria. We then
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determine the probabilities that a given lepton is fake or real, given they are members
of each group. The baseline and signal lepton identification criteria for electrons and
muons are summarised in Table 4.3 and Table 4.2 respectively. We now explain the
matrix method approach.

Let T" denote leptons passing the tight identification criteria and L denote leptons that
at least pass the loose criteria. Any event which is in L is known as inclusive loose.
Leptons passing loose but not tight are called exclusive loose, we denote these as [. For
our estimation, we only consider events which have two inclusive loose leptons, and we
order the leptons based on pr. We denote the number of events with two inclusive loose
leptons as Ny .

We then categorise the two leptons into two different groups; these are inclusive loose
or exclusive loose. Categorising leptons in this way gives the total event four classifi-
cations, these are: {T',T'}, {T,l}, {l, T} and {l, [}. In the notation, where {a, b} is
the lepton pair, we take a to be the highest momentum lepton and b to be the second
highest momentum lepton (sub-leading) lepton. We denote the number of events in each
classification as Npp, N7y, Ny, and Ny;.

We want to classify an event based on real and fake leptons present. Categorising a
lepton as either tight or exclusive loose does not tell us whether or not a lepton is a real
or fake lepton. We create groups for events with real and fake leptons. These groups
are {R, R}, {R, F}, {F, R} and {F, F'}, where R denotes a real lepton and F' denotes a
fake lepton. We break down the total number of inclusive loose events into the number
of real and fake leptons. Ultimately we want to solve for the real and fake leptons. The
total number of inclusive loose leptons is, therefore, equal to:

Npp = NEf+ NEF + NFE+ NEE. (4.4)

We want to relate the 7" and [ categorisation to the real-fake categorisation. To do
this, we require the probability of a T" lepton being real or fake, and the probability of
a [ lepton being real or fake. We take r to be the probability that a real lepton passes
the loose identification criteria and also passes the tight criteria. We take f to be the
probability a fake lepton passes loose and also passes tight.

In general r and f are functions of a lepton’s momentum and pseudorapidity, as well as
its flavour. This means we need a 2D map for electrons and muons with momentum and
pseudorapidity dependence. Mathematically we can generalise this as r;(pr, 1, €/u),
and f;(pr, n, e/p), where i = 1,2 and is pr ordered.

We know from simulation that fake leptons have several origins, so we can further break-
down the fake leptons in terms of their origin; light-flavoured jet decay (LF), heavy-
flavoured hadrons (HF) and electron conversions (CO). We take the different fake rates
into account by perfoming a weighted averaged:

Jota(pr,n) = >, filpr, nwi(pr. ), (4.5)
i—LF,HF,CO
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where f; is the fake rate of the given component and wj is the relative contribution of
each fake type. We extract weights in signal-like regions.

Taking all we have discussed thus far, we can write the relationship between lepton
identification and its real/fake categorisation in the following way:

Nrr 172 r1f2 fire fif2 NER

Np | | m(l—-r) r1(1—f2) fi(1—=r2) Ji(1—f2) NREE

Nir| (1=71)r2 (1=r1)fo (1= f1)r2 (1-f1)f2 NFE

Ny (1=r)(1=r2) (1=r)(1=fo) (A=fi)A-r2) (1—=f)(1-f2)] NI}
(4.0)

We invert this equation to cast the relationship between the two categories in terms of
real and fake leptons. This gives us the four equations,

Nift= (1= f1)(1 = fo)Ner = fo(1 = f)Np — fr(1 = fa) New + fufaNu, (47
NI = —(1 = fi)(L = r2)Npp +r2(1 — fi) Ny + fi(1 = r2)Nip + firaNy,  (4.8)
Niff === fo)(L=ri)Nrr + fo(1 = 1) Nir + r1(r — fo)Npu + foriNy, — (4.9)
NIF = (1 —=r)A =r3)Npp — ro(1 — ) Npy — (1 — 79) Nip + 1o Ny, (4.10)

These four equations given the expected number of events with two, one, and zero real
leptons for events with two inclusive loose leptons. We trigger on dilepton events with
two tight leptons. In order to translate the inclusive loose estimates shown in Equation
4.10, we need to multiply by the appropriate efficiencies. This gives us:

NEE = riry NEE (4.11)
NEL = r fo,NEE (4.12)
NCIE’.II? = fﬁszf, (4.13)

N7t = fifaNi} . (4.14)

. The total number of events for a dilepton triggered data sample is written as,
Npp = Nfft + Nfi' + Nif + Nif (4.15)

we can apply the matrix method to get an appropriate weighting for a given event. The
result is a data-driven estimation for the fakes contribution in a given region. Here reala
nd fake are solved for, but loose and tight are known from data.

4.7 Z/~*+jets Estimation Methods

When using an MC generator, we want to model a given background process appro-
priately. In the case of our Z/~*+jets background estimation, we use SHERPA 2.2.1 as
our MC generator. SHERPA 2.2.1 is an MC generator which has a known feature that
tails of distributions have positive and negative large weighted events. In order to coun-
teract this, in regions with low statistics, such as our SRs, we estimate the Z/~*+jets



4.7 Z/~*+jets Estimation Methods 65

background using a data-driven approach. We have already explored one data-driven

estimation technique in the matrix method; we will now outline a second known as the
ABCD method.

Observable 2

Ly

Observable 1

Figure 4.13: ABCD generic approach overview.

ABCD Method

We can apply the ABCD method to any estimate any background provided we meet
certain conditions. For our case, we apply it to Z/v*+jets background, and replace
Z /y*+jets MC with our data-driven estimation method. In order to apply the ABCD
method we first need to define a region to apply it to. For our purposes we call this
region C. We then need to find two variables which are used to define region C and we
need to relax or broaden those selections. This defines a 2D plane. In order to apply
the ABCD method we need variables to be uncorrelated with respect to one another, for
the Z/~*+jets background. Once we have an uncorrelated plane we define regions A, B
and D which are typically defined by inverting the selections of region C. In observable
1 we break down the range into boundaries defined by z, 1 and x2 where observable
2 is broken down between v, y; and y,. We provide a general schematic of the ABCD
method in Figure 4.13, and we show the region definitions in Table 4.6. Once we have
defined our regions we must calculate a data-driven Z/~*+jets estimate. In order to do
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Table 4.6: Generic region definitions for ABCD method.

Region other criteria x Y

A all other criteria € (zg,x1) € (y1,¥2)
B all other criteria € (x9,20) € (Yo, %)
C all other criteria € (x1,22) € (y1,Y2)
D all other criteria € (z1,22) € (yo, 1)

this, we must take the number of events in data in the given region and subtract from
it an estimate of all contributions of all other backgrounds — excluding Z/~v*+jets. This
acts as an estimate of what proportion of the number of events in data corresponding to
Z /y*+jets. Mathematically this is equivilent to,

N; = D; — Mo Zhiets, (4.16)

where i =A, B, or D. Here D; and M;" Z+3%s are the number of events of the data and
MC contributions in region i. Given the events in the regions are uncorrelated with
respect to one another in the two variables selected, we can relate the number of events
in each region to one another via:

N N,
A (4.17)
Np  Np
We rearrange to get a data-driven estimate for our SR,
Ny
Ne = Np X — 4.18
C D NB ) ( )

We implement the estimation of Z/v*+jets in a simultaneous fit. By performing a si-
multaneous fit, we are allowing the estimate in each region to float to fit the data. The
estimate in a given region is a free parameter and denoted as y;. We define the value
of the fit parameter of the Z/~*+jets estimate to be 1.0 events so i corresponds to the
final fitted Z/~*+jets estimate, i.e No = puc x 1.0. Next, we express the estimates of
Z /~*+jets in regions A, B and D in terms of efficiency factors from region C giving us:

pa = Ho X €4 (4.19)
Hp = pc X €p. (4.20)

Given Equation 4.18, we write the estimate for region B as:

UB = U X €4 X €p. (4.21)
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m;; Sideband Fit

We require an alternative approach to estimating Z/v*+jets in the SR, which will allow
us to cross check our estimate. While the ABCD method uses a purely data-driven ap-
proach, the m;; sideband fit method uses a data-driven approach for determining the
Z/~*+jets estimate in a m;; sideband region (SB) and then uses Z/~*+jets MC to deter-
mine the shape factor between that SB and the SR. Here Z denotes Z/~*+jets.

The first step of the m,; sideband fit method is to define the SR and the SB regions. As is
the case in the ABCD method, we get a data-driven estimate of the Z/~*+jets estimate
in the sideband:

NZbo = Niaa — Moo 77" (4.22)
We then calculate the estimate in the SR by multiplying the SB data-driven estimate by
a shape factor calculated from MC. The shape factor is defined as:
SRMC
z

Rehape — : (4.23)
N§P

which when multiplied by the estimate of Z/~*+jets in the SB gives us the data-driven
estimate in the SR:

N3bp = Njbp x R, (4.24)

Typical sources of systematic uncertainty in this method come from the variation of
the ABCD region boundaries. Sources of uncertainty from experimental or theoretical
sources can also be implemented and propogated to the final estimates.

4.8 MC Validation

We have described the run-II dataset that we will be utilising in this analysis. We then
described our approach to modelling that dataset, namely by splitting the modelling into
different background processes.

To validate our modelling of two-lepton selections for events with at least two jets, we
split the validation into RJ2¢A with exactly two jets and into RJ2¢B, which requires at
least two jets. Here RJ2/B is contained within RJ2¢A, though has a different recursive
jigsaw treatment. We also require an opposite-sign same-flavour with a dilepton invari-
ant mass with 10 GeV of the Z boson mass, we call this an on-Z selection, or merely
say it is consistent with the Z boson mass. Similarly, we select for a W boson decaying
hadronically such that there is a jet pair that has an invariant mass within 20 GeV of the
W mass. The definition of these preselection regions is shown in Table 4.7.

To validate our modelling of three-lepton selections for events with all jet multiplicities,
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Table 4.7: The two-lepton preselection regions defined to validate our MC modelling of
the run-II ATLAS dataset.

Region Selection Njgs pZT1 [GeV] pZTZ [GeV] p7T1 [GeV] p§? [GeV]  my/ My [GeV] my;;/ My [GeV]
RJ2(A FF =2 > 25 > 2 > 30 > 30 € 80, 100] € [60, 100]
RJ2/B FF >=2 > 25 > 25 > 30 > 30 € [80,100] € 60, 100]

we split the validation into an inclusive jet-multiplicity region, RJ3¢A which requires an
opposite-sign same-sign lepton pair with an invariant mass consistent with the Z mass.
The definition of these preselection regions is shown in Table 4.8.

Table 4.8: The three-lepton preselection regions defined to validate our MC modelling
of the run-II ATLAS dataset.

Region Selection N jgs pgﬁ [GeV] prQ [GeV] pgi” [GeV]  my [GeV] mlY [GeV]
RJ3(A (F0T0 >=0 > 25 > 25 >20 € [75,105] > 50
RJ3/B (E0FY >0 > 25 > 25 >20 € [75,105] > 50

Preselection Validation

In Figures 4.14 and 4.15 we show the histogram of the transverse momentum of each
lepton. Each plot is split into two sub-plots; the primary and the ratio plot. In the top left
of the primary plot, we have the centre-of-mass energy 13 TeV, the integrated luminosity
of the dataset presented in the plot and the plotted selection criteria summarised by
region name. The x axis corresponds to the leading lepton, the sub-leading lepton, or
the sub-sub-leading lepton, the y axis is often the number of entries per the width of the
binning; in this case 25 GeV. The y axis is often on a logarithmic scale; this allows us
to see the shape of background components with different orders of magnitude. In the
situation where the regions have fewer events, we typically change the y axis scale to
linear. In our analysis we show the CR, VR and SRs using a linear scale.

We show the data as black circles, with vertical bars to represent the errors, typically
Poisson errors. We then use the different MC samples as outlined in Section 4.4. We use
the matrix method estimation for the fakes backgrounds, and despite using a data-driven
technique for our Z/v*+jets estimate for our signal region selections, for the purposes
of preselection validation we use the SHERPA 2.2.1 generator.

We represent the backgrounds in the stacked histogram; each background has a different
colour; tt is orange; single top (1 X) is salmon-orange; top other is crimson red; Z/~*+jets
is green; diboson is light blue, Triboson is dark blue; V' +gamma, where V' is either W or
Z,is shown in teal; Higgs is pale-yellow; Drell-Yan is bright-green, and fakes is shown in
charcoal grey. We denote the signal, which corresponds to the ¥i /x3/X) = (200, 100)
GeV point, with a solid red line. The bottom plot is the ratio plot which shows the
“Data/SM”. We calculate this by taking the data yield per bin and divides the yield by the
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summed yield of all backgrounds (SM) in that bin; we represent this with black circle
markers. The red line in the ratio plot shows perfect agreement. The dashed blue line
shows the average Data/SM for the region.

In both Figure 4.14 and 4.15 we see that in each case the lepton transverse momenta
are in agreement between the MC and the observed number of events. This gives us
confidence for using these MC samples for our more specific analysis selections.
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Figure 4.14: The lepton pr modelling for preselection validation regions for RJ2/A.
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Figure 4.15: The lepton pr modelling for preselection validation regions for RJ3/A.
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4.9 Systematic Uncertainties

There are several uncertainties considered on a measurement at the ATLAS experiment.
We split the uncertainties into experimental and theoretical sources; they are included in
a given measurement by way of a profile likelihood fit, which we implement in HistFitter
[123].

Typically during the development stage of an analysis, we calculate normalisation fac-
tors by hand and manually propagate them to the SR yields. Once we have a well-defined
analysis and a fixed procedure, we move from this manual approach to a simultaneous
fit procedure which accounts for correlations between different regions. This section
defines the regions which we use in the fitting procedure and defines the likelihood
function, the test statistic and the method with which we extract a signal strength pa-
rameter p. The signal strength is the ratio between the measured cross-section and the
SM expectation.

The statistical fit of the analysis involves the use of a likelihood function £(u,0|N),
which is a function of the strength parameter ; and the set of nuisance parameters 6 =
{604, 6p, ...} given a set of event yields N = {N4, Ng, ... }. For our purposes § and N/
are known quantities, with u being the variable we wish to extract. By using a profiled
likelihood test statistic (g,) we can test the background-only versus the background-and-
signal hypotheses, and thus extract an allowed range for our signal strength p.. The test
statistic is defined by:

L1, 0
q(p) = —2In ( éi:) lo=0u)° (4.25)

This function is also written as g, and the argument of the natural logarithm sometimes
being denoted as A. The denominator L, is maximized under all possible values of
p and 6, the p which maximises the denominator is denoted ji. The numerator £(y, 6)
is maximised for a specific u over all §. The § which maximise £(u,#) are called éﬂ.
The background only probability, p(u = 0) is defined as the probability to obtain ¢(p =
0) larger than the observed ¢(x). Due to Wilk’s theorem we can assume —2In(A(p))
follows a x? distribution [124]. Local significance is defined as the one-sided tail of the
Gaussian distribution:

Zo = V2erf 11 — 2py). (4.26)
To compute the exclusion regions we use a modified frequentist method known as CLg

[124].

Experimental Systematics

We include the experimental sources of uncertainty from jet energy scale and resolu-
tion, the modelling of the missing transverse energy, effects of pileup, as well as the
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lepton reconstruction efficiency, the b-tagging efficiency, the lepton energy scale, en-
ergy resolution and in the modelling of the trigger itself [110, 111, 116-119, 121, 122,
125]. Using a combination of simulation and data samples, we calculate the jet energy
scale and jet energy resolution uncertainties by measuring the jet response balance in
multijet, Z/~+jets events [118]. To calculate the systematic uncertainty on the miss-
ing transverse energy, we must propagate the uncertainties from the visible objects, as
well as the soft-term resolution and scale, through to the final estimate [122]. We as-
sign systematic uncertainties to the matrix method fakes estimate by accounting for the
variation of the sample between the SRs and CRs.

Theory Systematics

Our ability to calculate quantities from the SM faces various limitations. These limita-
tions can include assumptions about particle’s mass and couplings. Reducing the sources
of uncertainty due to these limitations is a difficult task, one which requires both the-
orists and experimentalists working in consultation. In Chapter 3 Equation 3.10, we
introduced the inclusive pp — X cross-section. In Equation 3.10, we have written the
pp — X cross-section implicity to all orders, we can instead choose to write it in a way
to emphasise the different orders to the perturbative expansion, giving us:

o™ = PDF (21, i) ® PDF (29, pp) @ 6™ (21, 24, pig), (4.27)

where z1, x5 are the momentum fraction of a given parton involved in an interaction,
1r is called the factorisation scale, and i is the renormalisation scale, and where:

6 =50 4 al6® 4.4 4026 + O(at). (4.28)

The PDFs we use are estimated by assuming a functional form for the parton content
of the proton at a given scale () in GeV. The Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) evolution equations are then used to estimate the PDFs at different energy
scales, with fractions of those scales given by z. This is given by:

dPDF (z, Q%) 2
T dlos P = P(as, 2)PDF(z/2,Q7), (4.29)
with:
P(as, 2) = a, PO 4 a2 PVO (4.30)

here P(as, z) corresponds to the the parton fractions.

The strong coupling «; is also determined experimentally and is quoted at the scale
(Q = my. There are three main sources of uncertainty in perturbative QCD calculations.
The first is due to missing higher orders in the perturbative expansion of the partonic
cross-section. The usual way to estimate them is to perform scale variations. We do this
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by varying renormalisation (1) and factorisation (i r) scales upward and downward by
a factor of two. We do this in a pairwise fashion:

{:uRa MF} X {O5a O5}a {17 05}7 {057 1}7 {17 1}7 {2a 1}a {17 2}7 {27 2} (4'31)
Performing these variations gives us an estimate for O(a”*!).

The second source of uncertainty is choice of PDF, the uncertainty on the functional form
used in the PDF fits, and missing higher-order uncertainties on the DGLAP evolution
equations. The third uncertainty source is from a; — the measured value of the strong
coupling constant quoted at the scale of the Z mass. To quote the value of o for a given
scale, we use RGEs; truncated to a given order. There are two sources of uncertainty
for the RGEs the experimental errors and the RGE truncation. To parameterise these
uncertainties, we calculate different PDFs which correspond to different values of «.
These uncertainties propagate through to the calculation of hadronic cross-sections.

We determine the upper and lower uncertainties by calculating the minimum and max-
imum variations for each of the three types of uncertainty. If the nominal does not
lay between the upper and lower variations, then we take the maximal difference as a
symmetric uncertainty.

4.10 Signal Region Definitions

In this section we will introduce the 2/ and 3¢ SRs. We will outline the Recursive Jigsaw
Reconstruction approaches for both 2/ and 3/, as well as the region selections, and finally
the background contributions. In order to not bias the analysis we implement a blinding
strategy. We do not look at the observed number of events in the SRs until all background
estimation techniques and sources of systematic errors are finalised. Furthermore, we
also performed a partial unblinding of the dataset using only the 2015 and 2016 subset
of the dataset.

Two-Lepton Standard Signal Region

We show the RJR decay tree used in the two-lepton selections of this analysis in Figure
4.16. We have assume Y; xJ production, followed by the decay of Yi into a TV boson
and LSP. The W boson in the 2¢ analysis is specified to decay hadronically, the Y3 decays
into a Z boson and a second LSP, the Z boson subsequently decays leptonically. The
definition of the decay tree gives us access to the RJR basis of variables.

The first SR we describe targets the signal process in Figure 4.2a, given this signal does
not have ISR present, and targets the low-mass region, we call this region SR2{_Low,
and by contrast to the ISR regions, we refer to it as the “standard” SR. We first apply
preselection criteria, we require exactly two leptons and exactly two jets. The minimum
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Figure 4.16: RJR Topologies 2¢ and 3/.

momentum for the leptons is 25 GeV (p5 > 25 GeV), the minimum momentum of each
jet is 30 GeV (p’T > 30 GeV). We expect the signal to have two jets with an invariant
mass near the W mass, thus m;; € (60, 100) GeV, the two leptons present should have
an invariant mass approximately near the Z mass, i.e. my € (80,100) GeV.

In what follows, we describe the RJR variables we choose for 2¢ standard optimisation.
We begin with:

Hiy =100 |+ 1B |+ 10571+ 185, 1+ [P |, (4.32)

which is the scalar sum of all visible object momenta plus the invisible system momen-
tum. We demand that [ E 7 > 400 GeV. We then have the transverse version, HITDIZ’I
which is defined as,

Hiby = 1Pt + ) + 55| + 1505 | + [Pl (4.33)

The variable H E 1 is the vectorial sum of the visible objects plus the magnitude of the
invisible system, it is defined as:

HYY = (e + Dr + Py + Pia| + i) (4.34)

We construct a ratio of HY and H}'Y, which is the amount of momentum stored in the
transverse plane. In our selections we demand,

H{Y/HY € (0.35,0.60). (4.35)
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We then have the hemisphere specific variables, H'{, H{ 7, Hy§ and H}". These hemi-

sphere specific variables only take objects from their respective hemisphere a or b. The

vector-sum hemisphere variables give a scale of how collimated a hemisphere’s children

are. The different hemisphere variables are defined as:

Pa
;

HYY = (167 + 57 + B ) (4.36)

. . Pb
HYY = (1P + 5"+ [l -

(4.37)
The scalar-sum type hemisphere variables give a scale of the overall momentum of each
branch, and are defined as:

Pa

Hy5 = (157 + 77| + [Py ) (4.38)

Pb
Hyy = (157 + 15 + [Pl -

(4.39)
We construct a ratio which gives us a measure of how much momentum is in one hemi-
sphere versus another. The hemisphere which has the smallest value of H fl corresponds
to the hemisphere which is least collimated. The hemisphere with the smallest value of
H%fl corresponds to the hemisphere with the smaller momentum scale. The ratio be-
tween min (H E T H E 'f) and min (H; % HQP’ }1’) is maximised when the invisble momen-
tum vector and visible momentum vector are collimated in each hemisphere. The ratio
is minimised when one hemisphere has a large fraction of the momentum and the second
hemisphere objects decay at rest.

Another variable of interest is the momentum of the lab frame, in units of the total
momentum of the visible objects, invisible objects and the PP frame. The smaller the
value, the better the lab frame has been approximated. This variable is refered to as Rp,
which mathematically is written in the form:

PrpP
Rp, = ——o. (4.40)
" prpb + HE
We want the opening angle, A¢?, of the parent frames to be sufficiently wide.

We do not want the missing transverse momentum to predominantly originate from jet
mismeasurement. In order to minimise the likelihood of the missing transverse momen-
tum originating from jet mis-measurement, we require,

min A¢(j 2, Pr°) > 2.4 (4.41)

We summarise the above selection criteria for SR2¢ Low in Tables 4.9 and 4.10.
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Table 4.9: Preselection criteria for the 2¢ standard decay tree SR. The variables are defined
in the text.

. 01,6 1.
Region Mleptons  Mjets  Mbtag  Pp 2 [GeV]  p2i72 [GeV]  myy [GeV]  myj [GeV]

SR2¢_Low =2 =2 =0 > 25 >30 € (80,100) € (70,90)

Table 4.10: Selection criteria for the 2¢ standard decay tree SR. The variables are defined
in the text.

PP
Region ~ HYP [GeV] HPP, [GeV] Rpp o4t minAg(ji 2, Bris)
’ ! 4.1
SR2( Low > 400 <005 €(035,060) 24
22 ISR Signal Region

The next SR we detail targets the signal process in Figure 4.2c. Given that this signal
process has ISR radiation present, we refer to this signal region as SR2¢_ISR. This signal
process requires the use of the RJR ISR decay tree in Figure 4.8. The basic preselection

LAB
Pr.cm

SCM A CM
. |pT,I " PT ISR
S CM

|pT,ISR

Figure 4.17: The RJR ISR decay tree.

we apply is to the jets and the leptons. We require that there are exactly two leptons.
We require a jet multiplicity of either three or four jets. We require p4 > 25 GeV and
p; > 30 GeV. We require zero b-tagged jets, and that of the three or four jets at least 1
of the jets is assigned to the ISR system, and that exactly two jets are assigned to the S
system.

The S frame contains the objects assigned in the topology of the signal process. There is
a Z frame. We take the mass of this frame to be M, and require that it be on the Z peak
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with M, € (80, 100). We take the invariant mass of all jets assigned in the S system M,
and we require this be around the W mass M; € (50, 110). The ISR system must have
sufficiently hard momentum (pfisg > 100 GeV), and we want the invisible system to
be hard also (pgl\{[ > 100 GeV). We want the ISR boost to contribute to the amount of
invisible momentum, we do this by requiring the opening angle between ISR and I must
be sufficiently back-to-back in the CM frame; Agb%\é,l > 2.8, meaning the ISR system
can generate the missing transverse energy through a boost. We require a sufficient
amount of the invisible system’s momentum in the CM frame to originate from an ISR
boost; this is selected with Risg € (0.4,0.75). Finally, we require that this topological
tree sufficiently fits the given event by demanding p$™ < 20 GeV. The selection criteria
for SR2/ ISR are summarised in Tables 4.11 and 4.12.

Table 4.11: Preselection criteria for the 2¢ ISR decay tree SR. The variables are defined in
the text.

; ISR S L1,4 J1:J
Region Meptons Njet Njet Njets  Nb-tag pTl 2 [GeV] pTl 2 [GeV]

SR2¢_ISR =2 >1 =2 €34 =0 > 25 > 30

Table 4.12: Selection criteria for the 2/ ISR decay tree SR. The variables are defined in
the text.

Region my [GeV] my [GeV] A Icsrl”gl Risr p%gR [GeV] p?}{ [GeV] p%M [GeV]
SR2¢_ISR € (80,100) € (50,110) >28 €(04,0.75) > 180 > 100 <20

3¢ Standard Signal Region

We have laid much groundwork to explain and explore our RJR analysis approach for
the 2/ selections. Similarly to the 2¢ analysis, we will split our approach into a standard
approach and an ISR approach. There will be similarities of approach between 2/ and the
3¢ analysis, but a key difference is that there are fewer SM backgrounds to three-lepton
signals.

The next SR we detail targets the signal process in Figure 4.2b, it targets the low-mass
region, and so its called SR3/_Low. We show the 3/ RJR decay tree in Figure 4.18. We
have ¥ X3 production, followed by the decay of Y; into a I/ boson and LSP. The W
boson in the 3¢ analysis is specified to decay leptonically. The Y5 decays into a Z boson
and a second LSP followed by the Z boson decaying leptonically. As there are two
sources of missing transverse momentum in the decay tree, we do not have the ability to
discern the W boson from the )N(I—L; for this reason we have no dedicated W boson frame.

The definition of the 3/ decay tree gives us access to an RJR basis of variables, but this
basis of variables is different to those defined in the 2¢ analysis. To define SR3/_Low, we
apply some preselection criteria to define the boundaries of our object selection. Firstly,
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Figure 4.18: RJR standard decay tree for 3/ Analysis.

we require exactly three leptons and zero jets. We also require that there are zero b-
tagged jets. The minimum momentum of the three leptons is p7 > 60 GeV for the
leading lepton, p2 > 40 GéV for the sub-leading lepton, and p% > 30 GeV for the
sub-sub-leading lepton. The preselection criteria are summarised in Table 4.13.

Table 4.13: Preselection criteria for the 3/ standard decay tree SR. The variables are
defined in the text.

Region Nieptons  Tjets  Tlb-tag pg“l [GCV] pg“z [GeV] p? [GCV] My [GeV]
SR3/(_Low =3 =0 =0 > 60 > 40 > 30 € (75,105)

The RJR variables we choose for 3¢ standard optimisation share similarities with the 2/
selections. Clearly, the decay tree is different and so the quantities we extract must be
also. The first variable we introduce for the 3¢ standard approach is H. § P, mathematically
given by:

HYY = 1 4+ 1057+ AT+ D |, (4.42)

which is the scalar sum of all visible object momenta plus the invisible system momen-
tum. We demand that A 3],? 7' > 250 GeV. The transverse version of this variable HL.% 3118
defined as:

Hgg,l |pT€1’ + |pTEQ| + |pTZ3| + |pT1nv (445)

The analogous variables for the 2 analysis are H} and Hy", |. We take Hy'; | and H3}
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and construct a ratio between the two, this ratio is a measure of the proportion of the
momentum of the event being held in the transverse plane. The selection we make on
this quantity is:

HyY,/Hyy > 0.75. (4.44)

As both quantities are being evaluated in the same reference frame this quantity very
naturally has a strict kinematic endpoint at H;%J /H. :,5 P = 1.0. The selection criteria for
SR3/_Low are summarised in Table 4.14.

Table 4.14: Selection criteria for the 3¢ standard decay tree SR. The variables are defined
in the text.

Regi w GeV HPP GeV plflbpp H¥P3,1 H fl,)l
eglon oy [GeV] My [GV] s T, ml Wb
SR3/_Low > 100 > 250 <0.05 >0.9 -

324 ISR Signal Region

The next SR targets the signal process in Figure 4.2d, which requires ISR jets. The SR
is called SR3/_ISR, and utilises the RJR ISR decay tree in Figure 4.8. We now detail the

Niep
(77
CM n; LAB
Pr 1SR Jet Pr.cm
-~
SCOM . A C
CM Risr = |pT’IM .pT’Il\gR
APigr 1 Tz
CM —
DPri >

Figure 4.19: RJR ISR variable summaries.

preselection for SR3/_ISR. We require that there are exactly three leptons. We permit
either one, two or three jets. The lepton momenta must obey p7 > 25 GeV, pz > 25
GeV and p% > 20 GeV, and the jet momenta must obey p}. > 30 GeV, with no jet tagged
as a b-jet. We require that at least one of the € (1, 3) jets be assigned to the ISR system,
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if it is not assigned to the ISR system then it is an observer jet, and does not take part in
the decay tree. The preselection criteria for SR3/_ISR are summarised in Table 4.15.

Table 4.15: Preselection criteria for the 3¢ ISR decay tree SR. The variables are defined in
the text.

Region TNeptons Niets  Mb-tag png [GeV] pﬁ? [GeV] pgi” [GeV]
SR3¢_ISR =3 €[,3] =0 > 25 > 25 > 20

The S frame here contains the generic 3¢ SR. As there are three leptons there is an am-
biguity as to how we assign them within the decay tree. We take the lepton pairs with
the smallest invariant mass, and we assign those to the Z boson. After assigning leptons
to the Z frame, we demand my, € (75,105). We require that the ISR system has a suf-
ficiently hard momentum: pg% r > 100 GeV. We require p%w > 80 GeV. We require
the opening angle between ISR and I to be sufficiently back-to-back in the CM frame;
Agb?sj\g ; > 2.0. We require a sufficient amount of the invisible system’s momentum in
the CM frame to originate from an ISR boost; this is selected with Risg € (0.55,1.0).
We require that this topological tree sufficiently fits the given event by implementing
pSM < 25 GeV. The selection criteria for SR3¢_Low are summarised in Table 4.16.

Table 4.16: Selection criteria for the 3¢ ISR decay tree SR. The variables are defined in
the text.

Region me [GeV]  mY [GeV]  Aggh; Risg  pSig [GeV]  pS [GeV]  pfM [GeV]
SR3(_ISR € (75,105) >100 >2.0 €(0.55,1.0) > 100 > 80 <25

Signal Region Breakdowns

In order to define the analysis approach, we looked at the dominant SM processes in the
four SRs. We first outline the 2/ SRs, with the background decompositions for SR2/_Low
and SR2/_ISR shown in Table 4.17. In these tables we see the background contribution
from all SM background contributions. Most background components are generated
with MC, as was detailed in Section 4.4. The Z/~*+jets contributions in the two SRs have
a very low number of entries in the MC sample, and events with incredibly large weights
and sources of uncertainty. Large weights and low numbers of events in our analysis
regions leads to lack of statistical power in the Z/v*+jets modelling, and for this reason,
we instead choose to develop a data-driven estimate for the Z/v*+jets instead of using
MC. The other dominant backgrounds are diboson, and ¢ and single top production
processes. We use a control region (CR)-validation region (VR) approach to control for
these backgrounds.

SR3/_Low and SR3/_ISR background breakdowns are shown in Table 4.18. The three-
lepton SRs are significantly more straight forward than the 2¢ SRs, where we see the ma-
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jor dominant background is diboson production, with no other significant backgrounds.
We use a CR, VR approach to control for the diboson backgrounds.

Table 4.17: The expected estimate for SR2/_Low and SR2¢_ISR. All expectations include
experimental systematics except the Z/v*+jets estimate.

Full run-II SR2¢ Low SR2/_ISR
Total exp. SM events 59 £18 40 £ 6
MC exp. Higgs events 0.3515:59 0.017091
MC exp. Triboson events 0.067000 0.05%5:08
MC exp. Diboson events 12 £2.26 11£5
MC exp. Top other events 0.06 £0.02 0.51 £0.36
MC exp. tt events 3.9+1.9 9.9+ 3.6
MC exp. Single top events 0.76101¢ 0.0319 03
DD. Fakes events 0.0115:57 0.68 +0.17
MC exp. Z/v*+jets events 42 £ 17 18+ 2

Table 4.18: The expected estimate for SR3/_Low and SR3/_ISR. All expectations include
full systematics.

Full run-II SR3{_Low SR3/¢_ISR
Total exp. SM events 53+ 3 19+ 2
MC exp. Diboson events 51+ 3 17£2
MC exp. Higgs events 0.001060 0.01700;
MC exp. Triboson events 0.71 £0.68 0.3310:3%
MC exp. Top other events 0.0515:05 0411552

DD exp. Fakes events 1.4+04 0.8£0.2
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4.11 Fakes Validation

The four SR definitions have now been defined for our analysis. In Figure 4.14 we vali-
dated our MC and data-driven fakes estimations for preselection regions. We must now
validate our backgrounds in a region of parameter space closer to the SRs.

4.11.1 2¢ Fakes Validation

In this section, we validate both light (n, = 0) and heavy (n, # 0) sources of fakes. To
validate the two types of fakes present in our analysis, we define four regions close to
SR2¢ Low and SR2¢_ISR. The VRs for SR2¢_Low are VR2/_LF and VR2/_HF, and the
VRs for SR2¢_ISR are VR2/_ISR-LF and VR2/_ISR-HF. The only difference between light
fakes’ and heavy fakes’ selections is the b-tag selection requirement.

In Table 4.19 we show the definitions for the two fakes VRs for the standard approach.
We remove the m; selection, we remove the Rp, selection and we remove the minA¢
selection. The most significant modification with respect to the SR is the inversion of
the my requirement. In Table 4.20 we show the definitions for the two fakes VRs for the
ISR approach. For this approach we remove the M requirements, as well as p$™ and
Risr. We then invert the M, requirement.

In Table 4.21, we show the yields for all four fakes VRs. Each row corresponds to a
different background component which all sum up to the total estimated SM expectation.
In this table, we confirm that the fakes comprise a high purity for each region. These
fake VRs also show agreement between data and MC, though with MC trending larger
than the observed number of events in these regions.

In Figures 4.20 — 4.23 we show that for leading and sub-leading lepton momentum, we
have appropriate modelling in the fakes VRs. We note the trend of the number of ob-
served events being lower than the SM expectation, but highlight the lack of a top or
diboson normalisation estimate in these plots.

Table 4.19: The selection criteria for the standard fakes VRs. There is VR2/-LF is the VR
for light fakes, and VR2/-HF is the VR for heavy fakes. The standard SR is quoted again
for direct comparison and for ease of demonstrating orthogonality.

; plab . ((s /s o miss
Region Selection Nyue N,  ph Dk M my;  HYY  H{T/HLY W minAG (51 /jz, PP)
SR2(_Low (5(F =2 0 >2 >30 €(80,100) €(50,110) >400 € (0.35,0.6)  <0.05 >24
VR2(-LF (507 >2 0 >2 >30 ¢]80,100] — >400 €(0.35,0.6)
VR2(-HF (20 >2 1 >25 >30 ¢ [80,100] — >400 € (0.35,0.6)

4.11.2 3¢ Fakes Validation

Similarly to the 2¢ fakes validation, we validate both light and heavy sources of fakes
for both the standard region definitions and the ISR region definitions. To validate the
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Figure 4.20: Validation of lepton momenta in VR2/-LF. In (a) and (b) the lepton momen-
tum is well modelled. There are no sources of systematic uncertainty included.
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Figure 4.21: Validation of lepton momenta in VR2/(-LF. In (a) and (b) the lepton momen-
tum is well modelled. Uncertainties are statistical only.
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Figure 4.22: Validation of lepton momenta in VR2/_ISR-LF. In (a) and (b) the lepton
momentum is well modelled. Uncertainties are statistical only.
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Figure 4.23: Validation of lepton momenta in VR2/_ISR-HF. In (a) and (b) the lepton
momentum is well modelled. Uncertainties are statistical only.
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Table 4.20: The selection criteria for the ISR fakes VRs. There is VR2¢_ISR-LF is the VR
for light fakes, and VR2/_ISR-HF is the VR for heavy fakes. The ISR SR is quoted again
for direct comparison and for ease of demonstrating orthogonality.

Region Selection Njss Ns Nigg Ny P Py my M; PBR PL PEM Adlgn Risr
SRO(_ISR it €34 =1 =2 =0 -2 >30 €(30,100) €(50,110) >180 >100 <20 >28 €(0.4,0.75)
VR2/(_ISR-LF (¥ > 2 2 >1 0 >25 >30 ¢[80,100] — >180 >50 - >2 -
VR2/(_ISR-HF (¥ > 2 2 >1 1 >25 >30 ¢[80,100] — >180 >50 — > 2 —

Table 4.21: Fake validation region yields. Split into light flavour and heavy flavour for
both the standard regions and ISR regions.

Full run-II VR2/(-LF VR2(-HF VR2/(_ISR-LF VR2/_ISR-HF
Observed events 398 £ 20 381 £ 20 139 £ 12 146 £ 12
MC exp. SM events 348 £ 7 467 £ 8 134 £5 151 +£5
MC exp. Z/~v*+jets events 28 +2 4.2+£0.7 23 +2 3.6 £0.6
MC exp. Top other events 16.9 £ 0.6 54 +1 2.5 +0.2 21.1+£0.7
MC exp. Higgs events 1.6 £0.2 6.0+04 0.724+0.04 3.24+0.2
MC exp. Diboson events 119+1 12.0+£0.3 39.9+0.5 5.9+0.2
MC exp. Triboson events 4702 074=£007 1.16+£0.08 0.31£0.04
MC exp. Single top events 3.9£0.9 14+2 1.2+£0.6 1.8+£0.5
MC exp. tt events D7 £ 2 219+3 13.2£0.8 93 £2
DD exp. Fakes events 117+ 6 156 £ 6 49+ 4 62+4

two types of fakes present in our analysis, we define four regions close to SR3/_Low and
SR3¢_ISR. The VRs for SR3¢_ Low are VR3/-LF and VR3/-HF, and the VRs for SR3/ ISR
are VR3/_ISR-LF and VR3/_ISR-HF.

In Table 4.22, we show the definitions for the two standard fakes VRs. In Table 4.23, we
show the definitions for the two ISR fakes VRs. The total background yields for these
regions are shown in Table 4.24, and the modelling for each of these VRs can be found
in Figures 4.24-4.27.

In the VR for light fakes, shown in Figure 4.24, we see a significant contribution from the
diboson background. We found that it was challenging to separate the diboson events
from the non-prompt fake events, and so we opted to find a region with the largest
take contribution that was similar to the SR selection criteria. In general, the modelling
between expectation and observed number of events is good.

Shown in Figure 4.25, the heavy flavour fakes VR, we see high purity of non-prompt
takes, as well as good modelling for the leading and sub-leading lepton momenta.

In the two ISR fakes VRs we have a similar situation to the standard fakes VRs. The
standard VRs have large amounts of diboson, but the ISR regions have large amounts of
takes. Both regions have good agreement between expectation and observed numbers
of events.
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Figure 4.24: Validation of lepton momenta in VR3/-LF. In (a) the sub-leading lepton
momentum is well modelled. In (b) the sub-sub-leading lepton is well modelled.
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Figure 4.25: Validation of lepton momenta in VR3/-HF. In (a) the sub-leading lepton
momentum is well modelled. In (b) the sub-sub-leading lepton is well modelled.
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Figure 4.26: Validation of lepton momenta in VR3/_ISR-LF. In (a) the sub-leading lepton
momentum is well modelled. In (b) the sub-sub-leading lepton is well modelled.
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Figure 4.27: Validation of lepton momenta in VR3/_ISR-HF. In (a) the sub-leading lepton
momentum is well modelled. In (b) the sub-sub-leading lepton is well modelled.
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Table 4.22: The selection criteria for the standard fake VRs. All selections are for OSSF
leptons.

Selection me  pi[GeV] n? ny, myp  HIY
VR3/(-LF ¢ [75,105] 25,25,20 € (0,3) 0 >50 > 150
VR3(-HF ¢ [75,105] 25,25,20 € (1,3) 1 >50 > 150

Table 4.23: The selection criteria for the ISR fakes VRs. All selections are for OSSF lep-
tons.

Selection my  pr[GeV] n? ny, P PPl [GeV]  Adrsri Risr
VR3( ISR LF ¢ [75,105] 25,2520 €(0,3) 0 >50 50 >15 €(01)
VR3( ISR HF ¢ [75,105] 25,2520 € (1,3) 1  — ~100 >15 €(0,1)

4.12 Background Estimation

To be confident in the background composition of the four SRs, we must control and val-
idate each background component. We outline the MC generators used for the SRs in Ta-
ble 4.1. In the case of SR2/_Low and SR2/_ISR the dominant backgrounds are Z/~*+jets,
diboson and tt. In the case of our 3¢ SRs, the dominant background is diboson only. As
has been stated before, the Z/v*+jets estimate in the two 2¢ SRs is a data-driven esti-
mate, which we validate against a separate MC driven approach. We now describe our
control and validation approach for these major backgrounds.

In Figure 4.28, we show a schematic overview of the HistFitter analysis design strategy
employed by this analysis [123]. On the = and y axis is a variable of choice describing
some aspect of an event. We see we have three SRs defined in the schematic; SR1, SR2
and SR3. Each SR has different background compositions, and each background which
contributes significantly requires a dedicated CR. A requirement of the CRs is to be close
to the parameter space defined by the SR, and to have a high purity in a desired back-
ground component. Given these two are held, we define a normalisation factor for the
given CR which is defined:

est
_ Di
- MC
N;

Ik (4.45)
where D't = D — P ‘N jMC is the number of events in data in the CR, _; NJM Cinon &
is the summation of all background estimates which do not correspond to the controlled
background (i). NMC is the estimate of the controlled background using MC. A normal-
isation factor close to 1 is desirable, but deviations are acceptable if the origin is under-
stood. Validation regions have the normalisation factors, 3‘, applied to each background

1. If the modelling is good in the VRs, then we will apply the normalisation factors to
the SRs.
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Table 4.24: The three-lepton fakes VRs for both standard and ISR regions. The uncertain-
ties include statistics only.

Full run-II VR3/(-LF VR3(-HF VR3/_ISR_LF VR3/_ISR_HF
Observed events 1697 228 395 231
Total exp. SM events 1680 £ 17 268 £13 440 £ 7 233 £12
MC exp. Diboson events 1371 £ 10 31+1 3214 28+1
MC exp. Triboson events 13.2+£0.5 0.45+0.02 3.8+£0.2 0.26 £0.01
MC exp. Top other events 15+1 AT £2 95+04 50 £ 3
DD exp. Fakes events 2719 £ 11 187 £ 10 104 +£4 149 £ 8

4.12.1 2£ Control Region Definitions

To control the diboson and ¢t background compositions in SR2¢_Low and SR2/_ISR, we
require four separate regions. These regions are labelled CR2/-VV, CR2(_ISR-VV, CR2/(-
Top and CR2/_ISR-Top. We will outline our diboson approach and then our top ap-
proach.

The diboson approach is defined by the difficulty of isolating Z/v*+jets and diboson
backgrounds. The reason for the difficulty arises from the fact that both backgrounds
have the same final state. The decay pathway for Z/v*+jets is Z/v* + jj — (¢¢)jj and
for diboson we have Z (W) — ({(jj). We get around the Z/~*+jets contamination by
look at three, and four, lepton events instead of two. Typically in order to study the
diboson modelling, we look at the decay pathway Z (W) — ¢¢(jj), which is typical
of the topology we are looking for in our signal. Instead, we look at different diboson
topologies, specifically ZZ — (((¢0) or W Z — (vid.

We are only able to use the two-lepton RJR decay tree once we have a consistent inter-
pretation for three and four lepton events. Our approach is to find the OSSF lepton pair
closest to the Z mass, and for the two-lepton decay tree, we treat these as the two lep-
tons. We take the third and fourth lepton, and we assign them to the invisible system,
which is equivalent to adding the four-vector(s) of the extra leptons to E_?iss. Once this
approach is applied, we calculate all RJR quantities in the same fashion as always.

Table 4.25: Preselection criteria for the standard decay tree 2¢ SR and the associated CRs
and VRs. The variables are defined in the text.

Region  Migpions  Mjeis Mg P2 [GeV] pPI2 [GeV]  mugg [GeV]  my; [GeV]  milY [GeV]
CR2(-VV € [3,4] >2 =0 > 25 >30 € (80,100) > 20 € (70, 100)
if Mieptons = 3

CR2¢-Top =2 >2 =1 > 25 >30 € (20,80) € (40, 250) -
or > 100 —

VR2(-VV =2 >2 =0 > 25 >30 € (80,100) € (40, 70) -
or € (90,500) —

VR2¢-Top =2 >2 =1 > 25 >30 € (80,100) € (40, 250) -
SR2¢_Low =2 =2 =0 > 25 >30 € (80,100) € (70,90) —
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Figure 4.28: A schematic view of an analysis strategy with multiple CR, VR and SRs.
All regions can have single- or multiple bins, as illustrated by the dashed lines. The
extrapolation from the CR to the SRs is verified in the VRs [123].

Table 4.26: Selection criteria for the standard decay tree 2/ SR and the associated CRs
and VRs. The variables are defined in the text

. P, Py
lab a b
Pl pp min(Hy?y Hy'p)

HPP

. 1,1 . . B

Region H4Pf)1 [GeV] Hlpf)l [GeV] T min(Hgﬂl,Hglfl) W A¢Y,  minA¢(j1/j2, Bmiss)
CR2(-VV > 200 — < 0.05 > 0.2 —  €(03,2.8) -
CR2¢-Top > 400 - <0.05 > 05 —  €(0.3,28) -
VR2IVV > 400 > 250 20.05 € (0.4,08) — €(03,28) -
VR2¢-Top > 400 - <0.05 > 0.5 —  €(03,28) -
SR2/_Low > 400 — < 0.05 —  €(0.35,0.60) — > 2.4

Table 4.27: Preselection criteria for the ISR-decay-tree 2¢ SR and the associated CRs and
VRs. The variables are defined in the text.

Region Mieptons ]VjeItSR J\Gset Mjets ~ Mb-tag Pi«l’b [GeV] p%“lym [GeV]
CR2/_ISR-VV € [3,4] >1 >2 > 2 =0 > 25 > 30
CR2{_ISR-Top =2 >1 =2 €][3,4] =1 > 25 > 30
VR2{_ISR-VV € [3,4] >1 >2 >3 =0 > 25 > 20
VR2¢_ISR-Top =2 >1 =2 €[3,4 =1 > 25 > 30
SR2/_ISR =2 >1 =2 €3,4 =0 > 25 > 30

The standard diboson CR requires either three or four leptons and at least two jets. We
shift the m; selection from m;; € (70,90) GeV to m;; > 20 GeV and if the number of
leptons is three, then we require my’ € (70,100). We loosen Hy} from Hy} > 400 GeV
to A }; P> 200 GeV. We then apply two selection criteria which the SR does not apply,
these are min(HyY, H{})/ min(Hy§, HyY) > 0.2 and Agj, € (0.3,2.8). These are all
selections which define the standard diboson CR. The lepton multiplicity is the selection
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Table 4.28: Selection criteria for the ISR-decay-tree 2¢ SR and the associated CRs and
VRs. The variables are defined in the text.

Region 7z [GeV] my [GeV] A¢ISR1 Risr p%/éR [GeV] p%r}4 [GeV] p%M [GeV]

CR2/(_ISR-VV (80 100) > 20 > 2.0 € (0.0,0.5) > 50 > 50 < 30

CR2/_ISR-Top (50 200) € (50,200) >28 €(04,0.75) > 180 > 100 <20

VR2/_ISR-VV € (20, 80) > 20 > 2.0 € (0.0,1.0) > 70 > 70 < 30
or > 100

VR2/_ISR-Top € (50,200) € (50,200) >28 €(04,0.75) > 180 > 100 > 20

SR2/_ISR € (80,100) € (50,110) >28 €(04,0.75) > 180 > 100 <20

which imposes orthogonality between the CR and the SR. The leading and sub-leading
lepton transverse momenta are shown in Figure 4.29. We see the lepton momenta are
both well modelled.
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Figure 4.29: Validation of lepton momenta in CR2/-VV. In (a) the leading lepton momen-
tum is well modelled. In (b) the sub-leading lepton is well modelled.

The standard top CR requires exactly two leptons and at least two jets. Unlike the SR
which vetos b-tagged jets, the CR requires a single b-tagged jet. We loosen the m;
requirement tom;; € (40, 250). Wekeep H}} > 400 GeV and we apply similar selection
criteria to the CR, min(H{4, f‘f)/min(H2 +,Hyp) > 0.5 and Agf; € (0.3,2.8). Both
standard diboson and top CRs are summarised in Table 4.25 and Table 4.26. The leading
and sub-leading lepton transverse momenta are shown in Figure 4.30, and we see the
expectations and observed number of events for the lepton momentum are in agreement.

The ISR diboson CR requires three or four leptons with at least three jets. We require at
least one of the three jets to be assigned to the ISR system (/Vigg > 1) and at least two
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Figure 4.30: Validation of lepton momenta in CR2/-Top. In (a) the leading lepton mo-
mentum and in (b) the sub-leading lepton.

jets to be assigned to the sparticle system(/Ng > 2). We keep the m  requirement and
we shift the m; requirement to m; > 20 GeV. The angle between the ISR system and
the invisible system in the CM frame is loosened to A¢yi | > 2.0 We shift Rigg from
Risr € (0.4,0.75) to Risr € (0.0,0.5). We reduce the minimum momentum of the ISR
system from pGisp > 100 GeV to pfisg > 50 GeV. We reduce the minimum momentum
of the CM system from pG}' > 100 GeV to pZ' > 50 GeV. We loosen the requirement
on well constructed topological trees by shifting p$™ < 20 GeV to p$M < 30 GeV. The
leading and sub-leading lepton transverse momenta are shown in Figure 4.31, again, we
see the lepton’s momenta SM predictions agree well with the observed number of events
for each bin.

The ISR top CR requires exactly two leptons, with either three or four jets. We require
two or three jets to be assigned to the ISR system (N5 € [1,2]) and exactly two jets
to be assigned to the sparticle system (stet = 2). We require a single b-tagged jet.
We loosen the My requirement to My € (50,200) and loosen the M requirement to
M; € (50,200). We keep all other selections fixed. Both ISR diboson and top CRs are
summarised in Table 4.27 and Table 4.28. The leading and sub-leading lepton transverse

momenta are shown in Figure 4.32.

Further modelling for all CRs is shown in Figures 4.37-4.40, here we show modelling of
variables with which we defined SRs and CRs. In general we see good modelling for all
regions. The plots for the modelling of variables do not incldue the systematic sources
of uncertainty, which are detailed in Table 4.42.
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Figure 4.31: Validation of lepton momenta in CR2¢_ISR-VV. In (a) we show the leading
lepton momentum and in (b) the sub-leading lepton momentum is shown.
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Figure 4.32: Validation of lepton momenta in CR2/_ISR-Top. In (a) the leading lepton
momentum is well modelled. In (b) the sub-leading lepton is well modelled.

2¢ Validation Region Definitions

To validate SR2¢_Low and SR2/ ISR, we define four VRs, labelled VR2/-VV, VR2/_ISR-
VV, VR2/(-Top, and VR2/_ISR-Top. Once we apply the normalisation factors, we look at
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the agreement in yield of the full run-II data set versus our background estimations. We
also confirm that the shape of variables is acceptable.

We first define the VRs. The standard diboson VR, VR2/-VV, requires exactly two leptons
with an invariant mass being roughly equal to the Z boson’s mass, my, € (80, 100) GeV.
We require two or more jets with an invariant mass in the range m;; € (40,70) U
(90,500) GeV. We keep H}Y and p;pp/(ps*pp + Hr'y,) identical to SR2/_Low, and

miss

remove H{} /HJY aswell as min Ad(ji(2), pf'™). Unlike the SR we require the selection
HPP > 250 GeV, min(H, ™)/ min(H,;") € (0.4,0.8) and Agl € (0.3,2.8). The
leading and sub-leading lepton transverse momenta are shown in Figure 4.33.
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Figure 4.33: Validation of lepton momenta in VR2/-VV. In (a) the leading lepton momen-
tum is well modelled. In (b) the sub-leading lepton is well modelled.

The standard top VR, VR2/-Top, requires exactly two leptons with invariant mass away
from the Z boson’s mass, my € (20,80) U (100, 00) GeV. We require at least two jets
with an invariant mass m;; € (40,250) GeV. We require at least one of the jets to be
b-tagged. Similarly to VR2/-VV we remove H E PIH E P as well as min Ag(j;, p's), we
also apply min(H7§, H{})/min(Hy§, H3Y) > 0.5 and Agj, € (0.3,2.8). The leading
and sub-leading lepton transverse momenta are shown in Figure 4.34.

The ISR diboson VR, VR2/_ISR-VV, requires either three or four leptons. We require
at least three jets with at least one being assigned to the ISR system and at least two
assigned to the sparticle system. We require M, € (20,80)U(100, 0c0) GeV and M; > 20
GeV. We loosen A¢ | to Agfit | > 2.0. We loosen Rigg to all kinematically allowable
values Risg € (0,1). Weloosen pGlisg, p7Y and pgM to pfliig > 70 GeV, pGl! > 70 GeV
and p$M < 30 GeV. The leading and sub-leading lepton transverse momenta are shown
in Figure 4.35.
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Figure 4.34: Validation of lepton momenta in VR2/-Top. In (a) we show the leading
lepton momentum. In (b) the sub-leading lepton is shown.
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Figure 4.35: Validation of lepton momenta in VR2¢_ISR-VV. In (a), we show the leading
lepton momentum and in (b) the sub-leading lepton is shown.

The ISR top VR, VR2/_ISR-Top, requires exactly two leptons with either three or four
jets; of those jets we require at least one assigned to the ISR system and exactly two in
the sparticle system with at least one b-tagged jet. We require M, € (50,200) GeV,
M; € (50,200) GeV and we keep Agblcsl\éﬂl, Risr, p%l\{[sR and pgl}/[ identical to SR2¢_ISR.
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We invert p$M from p$™M < 20 GeV to p$™ > 20 GeV. The leading and sub-leading
lepton transverse momenta are shown in Figure 4.36.
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Figure 4.36: Validation of lepton momenta in VR2/_ISR-Top. In (a) the leading lepton
momentum is well modelled. In (b) the sub-leading lepton is well modelled.

The region breakdowns for all eight CRs and VRs are summarised in Table 4.29 and Table
4.30. We see that for each of the four CRs, the purity in the primary background is very
high. We see that the full run-II dataset and the MC are in good agreement with Data/MC.
This shows us that these variables are modelled both in the expected number of events
and the shapes. The modelling of the four CRs is shown in Figures 4.37 to Figure 4.40.

Table 4.29 and Table 4.30, demonstrate that the application of the normalisation factors
in the VRs produces good agreement between the observed events and the background
estimations. Furthermore, we see that the VR modelling is excellent — even before the
application of the normalisation factors, as shown in Figure 4.41-4.44.

4.12.2 3¢ Control and Validation Region Definitions

In Section 4.10 and 4.10, we have defined the 3¢ standard and ISR SR, and we have de-
termined the SM expectations for the regions. To control and validate the background
composition of the 3¢ SRs, we will use an identical approach to the 2¢ section of the
analysis. Unlike the 2¢ SRs which are dominated by diboson, tZ, and Z /7*+jets; the
3¢ SRs are only dominated by diboson background contributions. The number of SM
processes which produce three-lepton multiplicities is much less than two-lepton final
states, and therefore we find a very diboson pure selection. Given the purity of the back-
ground contributions, we will only have diboson CRs, these will be called CR3/-VV and
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Figure 4.37: CR2(-VV: Modelling for p/! in (a). We show H z Vin (b). In (c) we show R,,..
In (d) we show min(HE“{, Hf}f)/ min(H;?, H;'{’).



4.12 Background Estimation 97

> e T B > T
3 800E- 13 Tev, 139 b @ Data i = 3 600~ 13 Tev, 139 b ® Data f =
re] F CR2s-Top Singletop 3 0 E CR2s-Top Single top ]
q 700 F Fsm Il Top other E N 500 r Esm Il Top other -
2 F Zly*+jets 3 2 C Zly*+jets .
600 3 =
[ E Diboson = [ C Diboson ]
Lﬁ F I Triboson = Li 400— Il Triboson —
500 = Higgs = Higgs E
E Fakes = - Fakes -
400 - — 300[— - —]
300~ 3 C ]
o 3 200= =
200 — o ]
E E 100 -
100 = C
0 E 3 C : | - Lo 1
2 T T T T T 2 T T T T T T T T T
s 1.5 —— -1 s 1.5F +’ -1
% ] _.__'_4‘7_.=:!:uqag*g:$: % 1ﬂh.4h.dh'qrj;‘ﬁ*a*arnw*gwﬁé*%%#§¢
S - T -+
0 o5 - O o5k -
0 50 T00 T80 200 250 300 400450500 550 600 650 700 750 800 850 900
i PP
E7T"* [GeV] Hy 1 [GeV]
1 PP
(a) p} (b) Hy
- SRRRE LN LR ILLRE IS LR IR IS IS RS 0 AR L UL I IR IR IS RS IR
S 600 13 Tev, 139 fb” ® Data ﬁ 1 S M reTevtaen ® Data . E
a3 E CR2s-Top Singletop B I CR2/-Top Singletop |
< 500 . #sm [l Top other - ‘2 o #sm Il Top other -
G>J r Zly*+jets ] q>) 800[— Zly*+jets
L o Diboson 1 ] r Diboson ]
400 — Il Triboson - Il Triboson i
= Higgs ] 600F— Higgs —
300 :_ M Fakes _: C I Fakes ]
E 3 400[— —
200— ~1 C 1
100~ - 2000 3
G : 1 1 | E—— | 1 | E—— 1 : G L ]
2 T T T T T T T T T 2
1.5 — 1.5

Data/SM
Data/SM
b

0.5 - 0.5
00:005 0.07 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05 05055 0.6 065 0.7 075 0.8 085 09 095 1
PP L Pa 1 Pov e yPa P
pl‘r%,gP/(p?gP +H744) min(H, 5, H; D/min(H, 3, H, %)
: Pa Pb : Pa Pb
(©) Ry (d) mln(HLp H1,1)/m1n(H2,1, H2,1)

Figure 4.38: CR2/-Top: Modelling for p]fl in (a). We show H i Pin (b). In (c) we show
Ry, In (d) we show min(HTY, H{Y)/ min(H}%, H3Y).



98 Search for Supersymmetric Electroweak Production

- £ T T T T T T T T T > T T T T T
S 80 13Tev, 1390 ® Data f © 100~ 43 Tev, 139 1b™ ® Data i 7]
% F_CR2zISR-VV M Single top (LfD) [ CR2/_ISR-VV sm Singletop |
o) 70 = - I Top other ?@ - - I Top other B
Lﬁ F Zly*+jets GC) 80— Zly*+jets —
60 = Diboson > N Diboson 1
F Il Triboson C L Il Triboson 4
50 = Higgs 60— Higgs —
40 E_ I Fakes : I Fakes :
30~ N .
20F- - .
E . = —
10 U C ]
0 L .
s s 1.5 —
%) %) _+_ *
E E 1 1
5] ©
0 o5t - O os —— + .
0005 01 015 02 025 03 035 04 045 0.5 0 5 10 15 20 25 30
cM
Risr P77 [GeV]
CM
(a) Risr (b) Pr
> FT T T T T T T T3 > T T T T T T T T T LIRE
8 45E- 13 TeV, 139 fb™' @ Daia f = 8 60~ 13 Tev, 139 b ® Data f 3
S 40F- CR27_ISR - vV oM Singletop 3 re] CR2/_ISR - VV oM Singletop ]
= = I Top other E Qq 50 I Top other T
@ 35F Ziysjets 3 2 Ziysjets ]
c E Diboson = [ Diboson ]
g 30F M Triboson - Lﬁ 40 M Triboson —
L E Higgs 3 Higgs .
25 M Fakes = I Fakes ]
E = 30 —
20 — C ]
15E- 3 20F 3
104 3 E ]
E.T = 10— -]
5 — C =
o i I - e i M. S
s 1.5 = s 1.5 =
@ —4 . . @ ot— 4 2=
3 + 3 [ ¥
: FT] S ==
O osk — 4 9 s - -
T00 200 300 400 500 600 700 800 8080 100 120 140 160 180 200 220 240
PR [GeV] P} [GeV]
ISR Il
(o) P T (d) P T
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Table 4.29: Standard tree CRs and VRs. All sources of systematics are included. All CRs
are simultaneously fit for normalisation factors. Z/v*+jets is estimated from MC.

Full run-II CR2/_VV  CR2(_TOP VR2(_VV VR2(_TOP
Observed events 186 1975 257 418
Fitted SM events 18614 1975 +44 286 +37 435+24
Fitted Higgs events 0.017501  0.577520  0.017508  0.07T)83
Fitted Triboson events 275 0.07 £0.04 1.3713 0.379:3
Fitted Diboson events 181 + 14 18+3 166 + 26 20+ 3
Fitted Top other events 0.8+04 173 12£07 6.0£3.0
Fitted ¢ events 0.00 £0.00 1756 42 48+6 278+ 14
Fitted Single top events 0.7192 15244 4£2 26+9
Fitted Fakes events 1.24+0.9 13+£7 16408 2+1
Fitted Z /~*+jets events 0.00 4+ 0.00 18+1 64 + 8 104 +6
Total exp. SM events 2093 202720 308£37 446 £ 23
MC exp. Higgs events 0.01%901 0.6%58 0.017000  0.07700
MC exp. Triboson events 2.1727  0.07 +£0.05 1.3713 0.3793
MC exp. Diboson events 204 £2 203 187+24 22x3
MC exp. Top other events 0.8+0.4 163 1.0£06 59+3.0
MC exp. tt events 0.00£0.00 1802=£16 49+7 286+ 13
MC exp. Single top events 0.715% 156 £ 1 5E2 27+9
DD exp. Fakes events 1.0+ 0.9 13+£7 1.6+0.38 2+1

MC exp. Z/~*+jets events  0.00 +0.00 18.0 £0.70 64 £8 104 £ 6

CR3/_ISR-VV. The corresponding VRs will be VR3/-VV and V3/_ISR-VV.

The leading lepton must have a p5 > 60 GeV, the sub-leading lepton must have pf >
40 GeV and the sub-sub-leading lepton must have a transverse momentum of pé‘?‘ >
30 GeV. We require that there be no jets above 20 GeV and no b-tagged jets. We define
the preselections for the standard SR in Tables 4.31.

The ISR regions are made orthogonal to the standard regions by requiring at least one
jet. Given the ISR regions require at least one jet, we can use the RJR ISR decay tree. As
with the standard regions, we first define the preselection and then define the SR, CR
and VRs.

Unlike the standard regions, the ISR region preselections differ slightly between the SRs
and the others. The SR requires at least three leptons, which must be greater than 25 GeV,
25 GeV and 20 GeV respectively and we require between 1 and 3 jets. We require that
zero of the jets are b-tagged, and unlike the SR we allow the CRs and VR events to
contain more than three jets. We summarise the preselection criteria for the CR3/_ISR-
VV, VR3/_ISR-VV, and SR3/_ISR in Table 4.32.
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Table 4.30: ISR tree CRs and VRs. All sources of systematic and statistical uncertainty

are included. All CRs are simultaneously fit for normalisation factors. Z/~*+jets is

estimated from MC.
Full run-II CR2/_ISR_VV CR2/_ISR_TOP VR2/_ISR_ VV VR2(_ISR_TOP
Fitted SM events 111+ 11 376 + 19 43 +£4 328 + 42
Fitted Higgs events 0.051009 0.3703 04707 0.2403
Fitted Triboson events 2.0725 0.0473:98 2.040.5 0.02 £ 0.01
Fitted Diboson events 99 £11 4.3+0.7 26£3 25£0.5
Fitted Top other events 3.6+£1.6 5.8+£3.0 22+£1.0 16 +7
Fitted ¢t events 0.00 £ 0.00 332+ 19 0.00 £ 0.00 267 £41
Fitted Single top events 0.753 15.0+0.9 0.2705 1145
Fitted Fakes events 53+1.38 6.1+£1.6 12.6 £ 2.0 94+2.1
Fitted Z/~*+jets events 0.00 £ 0.00 125+ 0.5 0.09 £0.01 20.0£0.9
Total exp. SM events 135£3 445 £+ 8 50 £3 384 + 44
MC exp. Higgs events 0.0510 01 0.3703 04707 0.2%03
MC exp. Triboson events 2.0735 0.0419:98 2.040.5 0.02 £ 0.01
MC exp. Diboson events 123 £2 5.4=£0.8 32+1 3.2£0.5
MC exp. Top other events 3.6+£1.6 5.8 £2.6 23£1.0 167
MC exp. tt events 0.00 £0.00 3977 0.00 £0.00 320 £ 44
MC exp. Single top events 0.8+53 17.9+0.3 0.2507 14 + 6
DD exp. Fakes events 5.3+1.8 6.0£1.9 13£2 9+2
MC exp. Z/~v*+jets events 0.00 £0.00 12+1 0.09 £0.01 20.0£0.9

Table 4.31: Preselection criteria for the 3¢ CR, VR, and SR with the standard decay tree.
The variables are defined in the text.

Region Nieptons  Tjets  Mb-tag QUKT1 [GeV] pfiﬁ [GeV] pfi,? [GeV]
CR3/(-VV =3 0 =0 > 60 > 40 > 30
VR3/(-VV =3 0 =0 > 60 > 40 > 30
SR3/_Low =3 =0 =0 > 60 > 40 > 30

Table 4.32: Preselection criteria for the 3/ CR, VR, and SR with the ISR decay tree. The
variables are defined in the text.

Region nleptons njets nb—tag pg“l [GCV] pgg [GCV] p? [GCV]
CR3/_ISR-VV =3 >1 =0 > 25 > 25 > 20
VR3/(_ISR-VV =3 >1 =0 > 25 > 25 > 20
SR3(_ISR =3 €[1,3] =0 > 25 > 25 > 20

Our CR for SR3/_Low is CR3/-VV and for this region the preselections are identical to
the SR preselections as shown in Table 4.31. The selection criteria for the diboson CR
differs only in a few places, the key difference being a shift of m!Y" from 100 GeV in the
SR -to € (0,70) GeV in the CR. We also loosen R,,,. from < 0.05 to < 0.2 and we loosen
Hf}’l/Hgf’l from 0.9 to 0.75.
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Table 4.33: Selection criteria for the 3¢ CR, VR, and SR with the standard decay tree. The
variables are defined in the text.

lab PP Py
Region me [GeV]  mY [GeV] Hgﬁ [GeV] " bp:jr;;%"’g,l Ig‘g?l,l %{
CR3(-VV € (75,105) € (0,70) > 250 <02 >0.75 -
VR3/(-VV € (75,105) € (70,100) > 250 <02 >0.75 -
SR3(_Low € (75,105) > 100 > 250 <0.05 >09 -

Table 4.34: Selection criteria for the 3¢ CR, VR, and SR with the ISR decay tree. The
variables are defined in the text.

Region me [GeV] mY [GeV]  AgdY, Risp  p$h: [GeV]  p§Y [GeV] p™M [GeV]
CR3(_ISR-VV € (75,105) <100 >20 €(0.55,1.0) > 80 > 60 <25
VR3(_ISR-VV € (75,105) >60 >20 €(0.55,1.0) > 80 > 60 > 25
SR3/_ISR € (75,105) > 100 >20 €(0.55,1.0) > 100 > 80 < 25
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Figure 4.45: Validation of lepton momenta in CR3/-VV. In (a) we show the leading lepton
momentum. In (b) we show the sub-leading lepton. In (c) we see the sub-sub-leading
lepton momentum is well modelled.

The CR selections are defined by inverting m} to < 100 GeV. We keep A¢isr 1 > 2.0
fixed. We keep Risr fixed. We loosen the ISR momentum requirement to pICSI\P/{’T >

80 GeV and loosen the invisible system momentum requirement giving pICl}A > 60 GeV.
We keep p$M fixed.

The VR for SR3/_Low is VR3/-VV and for this region the preselections are identical to
the SR preselections as shown in Table 4.31. The key variable differences from CR3/-VV
are shifting m’¥ € (0,70) GeV to m}Y € (70,100) GeV and again loosening R, and
H f"l /H. ;"1 to the same values as the CR. The VR selections are defined by loosening m/¥
to > 60 GeV. We keep Agisr,r > 2.0 fixed. We keep Rigr fixed. We loosen the ISR
momentum requirement to pgj + > 80 GeV and loosen the invisible system momentum
requirement to plc%/[ > 60 GeV, we invert the CM frame momentum giving p$™M >
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Figure 4.46: Validation of lepton momenta in CR3/_ISR-VV. In (a) we show the leading
lepton momentum. In (b) we show the sub-leading lepton momentum. In (c) we show
the sub-sub-leading lepton momentum.
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Figure 4.47: Validation of lepton momenta in VR3/-VV. In (a) we show the leading lepton
momentum. In (b) we show the sub-leading lepton momentum. In (c) we show the sub-
sub-leading lepton momentum.

25 GeV. All our CRs and VRs for our standard approach are summarised in Table 4.33,
with all our ISR CRs and VRs being summarised in Table 4.34. The transverse momenta
are summarised for these regions in Figures 4.45-4.48. We see good py modelling for all
three leptons in both CRs.

The region breakdowns for all two CRs and VRs are summarised in Table 4.35. We see
that for the two CRs, the purity in the primary background is very high. The observed
number of events and total SM expectation are in agreement, with the Data/SM being
approximately 1. We break down the full run-II dataset

We look not only at the agreement between the overall yields but also at the bin-by-
bin agreement between the observed number of events and the SM expectation we can
determine the general modelling for each variable. The modelling of the two CRs is



108 Search for Supersymmetric Electroweak Production

N SRR AARE RS Rans:
10°E™ 13 Tev, 139 1b™' @ Data
VR3¢_ISR-VV #sm Diboson

N AMLARARAASSARAE RS anos)
10°E 13 Tev, 139 ™' ® Data
VR3¢_ISR-VV Diboson
5 SMm
10 & Il Triboson

N ARARSSARASSARERRES aaas
10°E 13 Tev, 139 fb™' ® Data
VR37_ISR-VV Ksm Diboson

Events/25GeV
3
Events/25GeV
=
|
3
Events/25GeV

3
oo oo vood 3ol ol vl 3l

Data/SM
Data/SM
Data/SM

FUTI T |
40 60 80 100 12‘_0 140 160 180 200 220

Py [GeV]

40 60 80 100 120 140 160 180 200 220
2
p7[GeV]

2 40 60 80 100 120 140 160 180 200 220
7
Py [GeV]

(a) Leading lepton (b) Sub-leading lepton (c) Sub-sub-leading lepton

Figure 4.48: Validation of lepton momenta in VR3/_ISR-VV. In (a) the leading lepton
momentum is well modelled. In (b) the sub-leading lepton is well modelled. In (c) we
see the sub-sub-leading lepton momentum is well modelled.

shown in Figures 4.49-Figure 4.50.

We extract a normalisation factor for each region, and we see in Table 4.35 that the
VRs have agreement between our SM expectation and the observed number of events.
Furthermore, we see that the VR modelling is excellent, as shown in Figure 4.51-4.52.

Table 4.35: The full run-II region breakdowns for the 3¢ CRs and VRs. Uncertainties
include statistical and systematic components. We see closure consistent with 1 for the
VRs.

Full run-II CR3/-VV VR3(-VV  CR3/_ISR_VV VR3/_ISR_VV
Observed events 629 331 328 277
Fitted SM events 629 + 25 300 £ 29 328 277
Fitted Diboson events 540 £ 36 296 + 29 319 + 18 273 £ 48
Fitted Triboson events 0.48 £0.06 0.24 £0.05 0.17£0.07 0.35+0.09
Fitted Top other events 0.21+0. 0.10£0.05 21£1.0 7.7+£35
Fitted Fakes events 88 £ 25 3.7+0.2 71£19 10.6 £3.3
Total exp. SM events 674 + 26 324 £ 22 353 +4 313 £49
MC exp. Diboson events o84 £ 8 321 £ 22 343 £3 295 £ 49
MC exp. Triboson events  0.48 £0.06 0.24 £ 0.05 0.17 £ 0.07 04+0.1
MC exp. Top other events 0.21 £0.09 0.10 £ 0.05 20£1.0 7.7+£3.6
DD exp. Fakes events 88 £ 25 3.7+0.2 71£19 10£3
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Figure 4.49: CR3/-VV: Modelling for (a) m}¥, (b) H;f, (c) Ry, and (d) HQEP;J H;f.



110 Search for Supersymmetric Electroweak Production

> T T T T T T T T T b < T T T T T T T T =
8 [ 13TeV, 13910 @ Data Ml Topother ] g g0 13TeV. 139 fbo! ® Data Ml Topother _J
S 120 GRar_isr-vv “sm Diboson ] @ CR37_ISR-VV g Diboson E
% - M Triboson B < 70 I Triboson =
b= 100 Higgs — q>_) Higgs E
o r [l Fakes ] L 60 [ Fakes =
1] 80 o — Signal E — Signal =
L 4 50F —

60— - 40" T L Tieeeee 3

C ] 30 —

40 - 3

20

Data/SM
—1

Data/SM
-9-

051 . 0.5 .
0702630 40 B0 60 70 80 90 100 0557056 065 0.7 075 08 085 09 095
w
my’ [GeV] Risr
w
(a) myp (b) Risr
> T T T T T T T > F T T T T T 3
8 1201~ 13 Tev, 139 fb™ ® Data B Topother ] &S b 13Tev. 189 fo™! @ Data B Topother
Ire] [ CR3/_ISR-VV oM Diboson ] re] oE CR3¢_ISR-VV oM Diboson =
Qq 100 [l Triboson — [\ F M Triboson ]
g o Higgs 7] “2 120~ Higgs =
0>J L I Fakes 4 Cl>.> C I Fakes 7
T 80 — Signal = w100 — Signal —
60k, - 8 =
C ] 60 -
40 - C ]
C ] 40 3
20 - 20 =
0 ot
2 : : : : : : 2 : : : : :
= 150 -¢- b s 15+ 4
%] - _$_ | -9 %)
e 1 ]
B st can et
O o5k - 0 osk _+_ -
T00 150 200 250 300 350 400 0 50 700 T80 200 250 300
PSR [GeV] P} [GeV]
ISR 1
(c) br (d) br

Figure 4.50: CR3/_ISR-VV: Modelling for (a) m}Y, (b) Risg, (c) p*F and (d) Pr.



4.12 Background Estimation

111

Events/5GeV

Data/SM

Events/0.02

Data/SM

1401 13 Tev, 139 fb™ ® Data I Top other
[ VR3r-vv M Diboson
120 — # Il Triboson
r Higgs
100 Bl Fakes
r — Signal

80

20

nN o

0.5 -

70 75 80 85 30 95 700
w
my [GeV]
(a) mJW

UL AL BLELELE BLELELE BLELELE BLELELE BLELELE BLELELE BLELELE BLELR

200 13 Tev, 139 1" ® Data B Topother

180~ VR37-VV sM Diboson -

® I Triboson B

160 Higgs =

140 I Fakes =

— Signal 3

120 =

100 3

80 =

60 -

40 =

20 -

C. 1 | E— 1 I 1 -

PP
Prpp/(PFpp + Hr g 1)

(©) Ry,

00,02 0.04 0.06 0.08 0.1 0.12 014 0.16 0.6 0.2

Events/50GeV

Data/SM

Events/0.03

Data/SM

13 TeV, 139 fb™" I Top other
VR37-VV

Diboson
I Triboson

Higgs
I Fakes
— Signal

100

80

60

40

20

250300 350 400 450 500 550 600 650 700 750

Hyp [GeV]

PP

(b) Hy 1
— 777
[ 13 TeV, 139 b ® Data M Topother |
VR3/-VV SM Diboson .
® M Triboson —
Higgs __
I Fakes A
— Signal -

(d) HYY /HEY

Figure 4.51: VR3/(-VV: Modelling for (a) m'', (b) H;f, (c) Ry, and (d) H;F:;l Hgf.



112 Search for Supersymmetric Electroweak Production

> -y T T T T T T T T T - <t T T T T T T T T ]
3 220E- 13 TeV, 139 b ® Data M Topother 3 2 80E- 13 Tev, 139 b ® Data M Topother
O  200F VR3/_ISR-VV “sm Diboson — 5 70F- VR3Z_ISR-WV “am Diboson 3
A\ F Il Triboson 3 < I Triboson E
® 180 3
= E Higgs 3 q>" 60 Higgs =
g 160 = - I Fakes = L I Fakes =
W 140 ;_ T — Signal _; 50z — Signal _E
120 = 3
100 - 3
== 3 E
60 = =
40F = =
20 - =
o_;EE!EE——.-—u—— E
= =
) %]
@ D
8 8
© ©
6080 100 120 140 T60 180 200 220 240 260 0557056 065 0.7 075 08 085 09 095
w
my [GeV] Risr
w
(a) myp (b) Risr
> ErT T T T T T T T = > - T T T T T L=
8 180 E 13TeV, 13910 @ Data Ml Topother 7 8 160 E 13TeV, 139 fb™! @ Data Il Topother 3
o E VR37_ISR-VV 2sm Diboson ] S [ VR37_ISR-VV sm Diboson 7]
O 160 Ml Triboson N B Triboson 7
2 E Higgs ] £ = Higgs E
g T4OE I Fakes = Q120 I Fakes 3
D qo0b — Signal 3 it} E d — Signal ]
£ E 100 T =
1004 -] C ]
soF T 3 80 2F 7
£ . E o =
60 T — o 1
40F- 3 40f= =
20 ] 20 =
obcres ! e e e = S
20 : : : : : : : 2 : :
s 1.5 -1 s 1.5
3 3
& B e
(] [a] 0.5
700150 200 250 300 350 400 450 T00 150 200 250 300 350
PSR [GeV] P1[GeV]
ISR 1
(c) br (d) br

Figure 4.52: VR3/_ISR-VV: Modelling for (a) m}Y, (b) Rigr, (c) p'*} and (d) Pk.



4.13 ABCD Z/~*+jets Estimation 113

413 ABCD Z/~*+jets Estimation

This section outlines our estimation of the 2¢ background Z/~*+jets. We have outlined
our method to control and validate all other backgrounds present within SR2¢/_Low and
SR2¢_ISR. As has been stated, due to the presence of large positively and negatively
weighted events in the SRs, we cannot use the SHERPA 2.2.1 MC generator for Z/v*+jets
estimation for SR2¢/_Low or SR2/_ISR. For this reason, we employ the ABCD method as
outlined in Section 4.7. We will again describe each step our methodology, specific to
each SR.

413.1 SR2¢_Low Z/~*+jets Estimation

When applying the ABCD method, we first require a region to apply it to, in the case
of the standard approach, this is SR2/_Low. The second step in the process is to define
the ABCD plane by removing two separate variable selections which define SR2/_Low.
The two variables we choose to define the ABCD plane are m;; and H IF: PIH }; P The 2D
distributions Z/~*+jets for these variables are shown in Figure 4.53a. The correlation
factor between m;; and H 1}? P/ Hﬂ) for Z/~*+jets events is —0.06. Given the correlation
factor is close to zero, we move forward and define the ABCD plane.

Events

T

L ||
60 80 100 120 140 20 40 60 80 100 120 140
m; [GeV] m

(a) Z/~*+jets correlations. (b) ABCD 2D plane.

Figure 4.53: The ABCD regions for SR2(_Low Z/~*+jets estimate. In (a), the black dots
are a profile of each vertical slice. In (b), we have the regions labelled for the method.

Unlike in Section 4.7, we will have more than four regions defined. When calculating
an estimate for the Z/~*+jets background, we want to have an internal validation step.
In order to perform this validation we need to define two extra regions VR and E. Each
region we define is determined by inverting either m;; or H} /H} as defined for the
SR. Region A is defined for low m;; and nominal H{} /Hy, region B is defined for low
m;; and low HYY /H; Y, region D is defined for nominal m;; and low H{'{ /H, 7, region
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E is defined for high m;; and low H{| /H, | and region VR is defined for high m;; and
nominal H{} /H}}. We summarise these regions in Figure 4.53b and Table 4.36.

Table 4.36: SR2¢_Low ABCD selection criteria for m;; and H7 E /H}Y variables.

SR € (70,90) € (0.35,0.60)
A € (20,70) € (0.35,0.60)
B € (20,70) € (0.20,0.35)
D € (70,90) € (0.20,0.35)
E € (90,150) € (0.20,0.35)
VR €(90,150) € (0.35,0.60)

In Table 4.37 we summarise the background estimates in the regions defined for SR2¢_Low,
region A, region B and region D. All estimates include not only statistical uncertainties
but also systematic uncertainties from experimental sources. The pre-fit Z/v*+jets con-
tribution is not present as we do not use the MC estimate; instead, we use the data-driven
fit approach. The efficiency factors between the different regions dominate the contri-
bution to the Z/~*+jets uncertainty. Given we vary all regions simultaneously, and
given the Z/~v*+jets estimates are proportional to the efficiency factors, we expect to
see strong correlations between the estimates. For each region, we have appropriately
high purities in Z/~*+jets, and minimal uncertainties on non-dominant backgrounds.

We show the cross-validation of the ABCD estimate in Table 4.38, where we compare
the ABCD, the m;; sideband fit method and also the MC estimate itself. What we find is
that both the ABCD and m;; sideband fit have very similar estimates, but that the ABCD
estimate has a smaller uncertainty:.

4.13.2 SR2/_ISR Z /~*+jets Estimation

When applying the ABCD method to SR2/_ISR, we must approach things a little differ-
ently compared to the standard approach. Unlike the standard approach, the ISR ap-
proach only uses RJR variables to define the selections. In the ISR approach we choose
to use M; and Pg M Here M is the mass of the jet system within the sparticle system
of the ISR decay tree and PTC,’ M is the momentum of the invisible system in the centre of
mass frame. We make this selection by comparing all variables which define SR2¢_ISR,
and M; and PTC: M produce the least correlated 2D distribution in Z/v*+jets. We show
the 2D distribution of these two variables in Figure 4.54a, here, we see that the two vari-
ables have a correlation factor of 0.03, and this correlation factor is perfectly acceptable
in order to apply the ABCD method.

The ISR SR is defined for PTC?/[ > 100 GeV and M, € (50,110) GeV, and thus it is
unbounded in the PT(’: M dimension. The six regions we define here are region A, defined
for low M and high PTC7 M. region B, defined for low M and low PTC7 M. region D, defined
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Table 4.37: The full run-II ABCD Z/~*+jets estimation for SR2¢_Low, A, B, and D. We
show the pre-fit yields in the bottom section of the table. The pre-fits do not include
the Z /~*+jets MC as we do not use it in the fit. The total non-Z/~*+jets background is
shown - instead of the prefit total exp. MC for the SM. We do this as we do not use the
Z /y*+jets MC, and only have an estimate after this fit procedure.

Full run-II SR2{/ Low A B D
Observed events — 123 1185 359
Fitted SM events — 123.00+£10.96 1184.97 £35.25 358.99 + 18.70
Fitted Higgs events - 0.21 £ 0.02 1.1740.78 0.3015%
Fitted Triboson events — 0.0319:93 0.011951 0.041997
Fitted Diboson events — 16.64 £ 2.54 11.32 £ 3.70 8.71£3.01
Fitted Top other events — 0.01 £0.01 0.00 £ 0.00 0.0215.53
Fitted ¢{ events — 4.62+1.21 0.67 +0.61 0.44703
Fitted Single top events — 1.15 4+ 0.58 0.5975:% 0.261038
Fitted Fakes events — 1.80 £ 0.64 5.27+£4.07 331£1.74
Fitted Z/~*+jets events 29.23 £7.58 98.54 +£11.37 1165.94 £36.03 345.91 +19.22
Total exp. SM events — 26.72 £ 3.08 20.50 £ 7.94 14.21 £5.90
MC exp. Higgs events - 0.21 £ 0.02 1.1740.79 0.301535
MC exp. Triboson events — 0.0319:93 0.011051 0.0415:07
MC exp. Diboson events — 18.75 £2.36 12.76 £4.01 9.82 £ 3.27
MC exp. Top other events — 0.01 £0.01 0.00 £ 0.00 0.021005
MC exp. tf events — 4.7441.25 0.68 & 0.63 0.451587
MC exp. Single top events — 1.18 £ 0.60 0.61758; 0.26105¢
DD exp. Fakes events — 1.80 £ 0.65 5.27T+4.11 3.31+£1.75

MC exp. Z/~*+jets events - — — _
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Figure 4.54: The plane defining our ABCD regions for SR2¢_ISR Z/~v*+jets estimate. In
the left plot the black dots are a profile of each vertical slice. In the right plot we have
the regions labelled for the method.
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Table 4.38: The full run-II SR2¢_Low Z/~*+jets background estimations. We compare
three different methods to estimate this background. The first is the MC, the second
is the m;; sideband fit method, which uses Z/v*+jets MC and the final is the ABCD
method which is independent of the Z/v*+jets MC and is instead data driven. We see
agreement between the three estimation methods.

Region Estimate (Stat.+Sys.)

NZ s 29.23 + 7.58
NZHets 28.14+17.3
NS 42.20 +17.23

for nominal M ; and low Pj({ M. region E, defined for high M; and low P:g M and region

VR, defined for high M ; and high Pf}’. These six regions are shown in Figure 4.54b and
Table 4.39. Note, A-VR refers to the combination of the regions, and not the subtraction.

Table 4.39: SR2(_ISR ABCD selection criteria for 1m,; and H}'| / H}| variables.

Region my P&M
Amsn €(0,50) > 100
Bisr € (0,50) < 100
Disr € (50,110) < 100
Eisr € (110, 130) < 100
VRisr € (110, 130) > 100
SR2¢_ISR € (50,110) > 100

In Table 4.40 we summarise the region breakdown of background estimates for SR2¢_ISR,
region A, region B and region D. Just as with the estimate for SR2/_Low we find that the
Z /y*+jets contribution in these regions is appropriately high.

We show the cross-validation of the ISR ABCD estimate in Table 4.41, where we compare
the ABCD, the m,; sideband fit method, and also the MC estimate itself. What we find
is that both the ABCD and m;; sideband fit have very similar nominal values for the
estimate, but that the ABCD estimate has a preferable uncertainty due to being entirely
data-driven.
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Table 4.40: The full run-II ABCD Z/~*+jets estimation for SR2¢_ISR and ABCD regions.
We show the pre-fit yields in the bottom section of the table. The pre-fits do not include
the Z/v*+jets MC as we do not use it in the fit. The total non-Z/~v*+jets background is
shown - instead of the prefit total exp. MC for the SM. We do this as we do not use the
Z/~v*+jets MC, and only have an estimate after this fit procedure.

Full run-II SR2/_ISR A-VR B-E D
Observed events — 42 32 22
Fitted bkg events — 42+ 6 32+6 22+5
Fitted Higgs events — 0.017991  0.001060 0.0075:00
Fitted Triboson events — 0.09703s  0.01105% 0.0170:91
Fitted Diboson events — 13+£2 1.7£0.6 1.3£1.2
Fitted Top other events — 0.1140.06 0.017397 0.00 £ 0.00
Fitted ¢t events — 100£23 15£08 0.8+04
Fitted Single top events — 1.1 0.379-%  0.0040.00
Fitted Fakes events — 0.00£0.00 0.7£0.2 0.00=0.00
Fitted Z/~*+jets events 13 £+38 18 £ 8 28+ 6 10£5
Total exp. SM events — 29+4 5.0£20 3+2

0.01t§;§
0.0970-48

0.00t§;§§
0.0150 01

0.00i§;§§
0.0159 01

MC exp. Higgs events —
MC exp. Triboson events —

MC exp. Diboson events — 16+1 21+£0.7 1.7+14
MC exp. Top other events — 0.11£0.06 0.01%507 0.00 £ 0.00
MC exp. tt events — 12+3 1.8+£09 1.0£0.5
MC exp. Single top events — 1.2373% 0.379%  0.0040.00
DD exp. Fakes events — 0.00£0.00 0.7£0.2 0.00=%0.00

MC exp. Z/~v*+jets events — — — —

Table 4.41: The full run-IT SR2/_ISR Z/~v*+jets background estimations. We compare
three different methods to estimate this background. The first is the MC, the second is
the m; sideband fit method, which uses Z/v*+jets MC and the final is the ABCD method
which is independent of the Z/~v*+jets MC and is instead data-driven. We see agreement
with the three separate methods. The uncertainty on the MC is purely statistical.

Region Estimate (Stat.+Sys.)
ERES 13.19 + 7.70
NZFiets 13.37 4 18.27
N (Stat. only) 17.57 4 1.82
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Table 4.42: Summary of the main sources of systematic uncertainties and their impact
(in %) on the SM background prediction in each of the 2¢ and 3¢ SRs. The total system-
atic can be different from the sum in quadrature of individual uncertainties due to the
correlations between them resulting from the fit to the data.

Signal Region SR2/_Low SR2¢_ISR SR3/_Low SR3/_ISR
Total uncertainty [%] 20 28 9 25
Z/~*+jets data-driven estimate 16 24 — —
V'V theoretical uncertainties 4 13 3 25
Top theoretical uncertainties 2 8 — —
MC statistical uncertainties 15 18 14 24
V'V fitted normalisation 2 3 7 21
tt fitted normalisation <1 2 — —
Fakes leptons <1 <1 <1 <1
Jet energy resolution 6 2 2 13
Jet energy scale 2 <1 3 <1
s 2 4 4 3
Lepton reconstruction/identification <1 2 3 2

4.14 Results

We have fully validated our background estimation methods for each of the four SRs
in our analysis. In this section we will fully summarise the finalised background esti-
mations, as well as breakdown the uncertainties contributing to our estimates. Once
we have detailed our systematics breakdown we will then detail the observed events in
these regions.

In each of our regions we summarise the contribution to the uncertainties in 11 separate
categories. These categories include: Z/v*+jets data-driven estimate, V'V theoretical
uncertainties, top theoretical uncertainties, MC statistical uncertainties, V'V fitted nor-
malisation, ¢ fitted normalisation, fake leptons, jet energy resolution, jet energy scale,
EXs5 | and lepton reconstruction or identification. The sources of uncertainty are sum-
marised in Table 4.42, and the total uncertainties for each SR are 20%, 28%, 9%, and 15%
for SR2¢_Low, SR2¢_ISR, SR3/_Low, and SR3/_ISR, respectively. The major source of un-
certainty in the two 2¢ SRs comes from the Z/~*+jets data-driven estimates. In the case
of SR2/_Low, this uncertainty corresponds to 16% of the total estimated background,
whereas for SR2/_ISR corresponds to 24% of the total estimated background. The major
uncertainty for the 3¢ signal regions MC statistical uncertainties for SR3/_Low and an
equal contribution from V'V theoretical uncertainties, MC statistical uncertainties, and
V'V fitted normalisation, for SR3/_ISR. Typically the uncertainties on the ISR SRs are
greater than those in the standard SRs, and this is larger due to the theory uncertainties
being larger for those regions.

We now summarise the results of each of our four SRs, including all statistical and
systematic sources of uncertainty. In SR2{_Low, we predict a total SM estimate of
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44.85 + 8.91, and we observe 41 events. In SR2/_ISR, we predict a total SM estimate
of 31.71 £ 8.95, and we observe 33 events. The summary for both 2/ regions is found in

Table 4.43.

Table 4.43: The full run-II total background estimate for SR2¢_Low and SR2/_ISR includ-

ing all experimental systematics

Full run-II SR2{ Low SR2¢_ISR
Observed events 41 33
Fitted SM events 45+£9 32+9
Fitted Higgs events 0.4707 0.01700;
Fitted Triboson events 0.067009 0.0515:08
Fitted Diboson events 11+2 9.0+4.2
Fitted Top other events 0.06 £ 0.02 0.5+04
Fitted ¢ events 3.8+ 1.8 8.3+3.1
Fitted Single top events 0.715%8 0.0315:43
Fitted Fakes events 0.011567 0.7+£0.2
Fitted Z/~*+jets events 20+8 13+8
Total exp. non-Z/~v*+jets events 17+4 22+6
MC exp. Higgs events 0.4%57 0.017961
MC exp. Triboson events 0.067009 0.0515:08
MC exp. Diboson events 12+ 2 11+£5
MC exp. Top other events 0.06 £ 0.02 0.5£04
MC exp. tt events 4 +2 1044
MC exp. Single top events 0.8708 0.03%0-43
DD exp. Fakes events 0.011567 0.7+£0.2

MC exp. Z/~*+jets events - —

In SR3/_Low, we predicted a total SM background estimation of 48.96 4+ 4.36 and an
observed number of events of 53. In SR3/_ISR, we predicted a total SM background
estimation of 17.41 + 2.03 with a total number of observed events of 25. We show the
full background estimation summary for these regions in Table 4.44.

4.14.1 Signal Region Modelling

We summarise the modelling for each SR in Figures 4.55-4.58. In all distributions we
apply the normalisation factors, and in the case of the 2¢ SRs we use the Z/v*+jets MC
and normalise to our ABCD estimates. We first look at SR2¢ Low for which we see
agreement within large uncertainties. Next, we look at SR2¢_ISR, where we see great
agreement between the observed number of events and the MC, we also see good agree-
ment in the overall modelling. For SR3/_Low and SR3/_ISR we predict smaller MC un-
certainties, and good agreement between the observed events and the SM expectations.
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Table 4.44: The full run-II total background estimate for SR3/_Low and SR3/_ISR includ-
ing all experimental systematics

Full run-II SR3/_Low SR3/_ISR
Observed events 53 25
Fitted SM events 49+ 14 174
Fitted Diboson events 47+ 14 16 £4
Fitted Triboson events 0.40 + 0.07 0.1470:03
Fitted Top other events 0.0515:03 0.4%52
Fitted Fakes events 1.4+£04 0.8+0.3
Total exp. SM events 5215 19+4
MC exp. Diboson events 51+ 15 17+4
MC exp. Triboson events 0.40 £+ 0.07 0.1470:03
MC exp. Top other events 0.05%5:03 0.4%52
DD exp. Fakes events 1.4£04 0.8+0.3

SR3/_ISR has good overall agreement with the SM expectation, we observe more events
than the SM prediction.

4.14.2 Model Independent Limits

We take the expected estimates and directly compare to the observed number of events
to set model-independent limits on possible signal contributions to these regions. In
Table 4.45, we show the model-independent limits for all SRs in this analysis.

95

obs) fora

In this table we show the 95% CL upper limits on the visible cross-section ({eo)

model-independent signal, the 95% CL upper limits on the number of signal events (S%.),
the 95% CL upper limit on the number of signal events given the expected number of
background events (S2° ). We also show the CL; value and the p-value for a background-

exp
only hypothesis.

In SR2¢ Low, we found that the observed number of events was consistent with the
background estimation, with a p-value of 0.69, corresponding to a Z-score of —0.490.
In SR2/_ISR, we found that the observed number of events was consistent with the back-
ground estimation, with a p-value of 0.53, corresponding to a Z-score of —0.070.

For SR3/_Low, we found that the observed number of events and the SM background es-
timation were in good agreement, with a p-value of 0.66, which corresponds to a Z-score
of 0.410. For SR3/_ISR, we found the observed number of events and the background
estimation to be in agreement, with a p-value of 0.08, which corresponded to a Z-score
of 1.420.

Finally, the 95% CLs upper limit of the visible cross-sections (ec)% [fb], of any signal
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present within our SRs are 0.15, 0.17, 0.15, and 0.09 for SR2¢_Low, SR2¢_ISR, SR3/_Low,
and SR3L_ISR, respectively.

Table 4.45: Left to right: 95% CL upper limits on the visible cross-section ((ec)%.) and

obs
on the number of signal events (S, ). The third column (S22 ) shows the 95% CL upper

exp
limit on the number of signal events, given the expected number (and +10 excursions
on the expectation) of background events. The last two columns indicate the C'Lp value,

i.e. the confidence level observed for the background-only hypothesis, and the discovery

p-value (p(s = 0)).

Signal channel ~ (eo)% [fb] S, S CLg p(s=0) Z
SR2(_Low 0.15 21.4  21.073%  0.31 0.69 (—0.49)
SR2/_ISR 0.17 23.3 225718 047 0.53 (—0.07)
SR3/_Low 0.15 21.1 211750 0.59 0.66 (0.41)

SR3(_ISR 0.09 13.0  11.24% 092 0.08 (1.42)







Chapter 5

Measurement of the Higgs Boson
Production Cross-sections

In this chapter, we provide an overview of the discovery of the Higgs boson and then
detail our run-II effort to measure the Higgs boson gluon—gluon fusion and vector boson
fusion production cross-sections via the H — WW™* — evuv decay channel. We outline
the data-driven technique used to estimate the b-tagging efficiency from data. We also
provide an overview of the statistical combination of run-II Higgs boson measurements.

5.1 The Discovery of the Higgs Boson

In 2012 a neutral spin-0 boson consistent with the SM Higgs boson was observed. The
ATLAS [124] and CMS [126] collaborations observed the particle had production and de-
cay modes consistent with SM predictions. The ATLAS experiment discovery relied on
the statistical combination of multiple search channels. Different channels have different
cross-sections, backgrounds, and Higgs mass resolutions, as well as varying sensitivities.
The H — ZZ* — 40 and H — 7~ channels have low cross-sections, with smaller back-
grounds and overall higher mass resolutions; whereas the H — WW™* — (vlv decay
channel has a larger cross-section with high sensitivity, with poor mass resolution.

The statistical combination of the /s = 7 TeV and /s = 8 TeV datasets incorporated
the H — ZZ* channel, H — 7 channel, and the H — W W™ channels. The statistical
combination of these measurements resulted in a global combined significance of 5.1¢.
Assuming my = 126 GeV, the signal estimate relative to SM expectation (signal strength)
for the H — ZZ* channel was found to be 4 = 1.2 £ 0.6, the H — 7 channel was
1= 1.840.5and the H — WW¥* channel corresponded to n = 1.340.5. The statistical
combination of these signal strengths resulted in ¢ = 1.4 + 0.3. This measurement
corresponds to a discovery of a neutral scalar particle with a mass of 126.0 +-0.4(stat) +
0.4(sys) GeV. The combined measurement between ATLAS and CMS produced a signal
strength of 1.09 £ 0.007(stat) 4+ 0.08(syst) [128].

5.2 Overview of Run-II Approach

In this section, we will outline our run-II H — WW?™* — evuv analysis using the 36.1
fb~! proton—proton dataset. The goal of the analysis was to measure the inclusive Higgs
boson production cross-section. The production pathways considered include gluon-
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Figure 5.1: The combined Higgs signal strength measurements as of 2012 [127], formpy =
126 GeV. In (a) the signal strength is broken down based on Higgs final states. In (b) the
mass resolution of the signal strength for different Higgs final states is shown [127].

gluon fusion (ggF) and vector boson fusion (VBF). We show the two leading order Feyn-
man diagrams for the ggF and VBF production processes in Figure 5.2.

q
w ‘ W
g v
v
g q W
w .
q
(a) Gluon-gluon fusion. (b) Vector boson fusion.

Figure 5.2: Diagrams for the leading production modes; (a) ggF and (b) VBF. Here we
mark the V'V H couplings with solid circle verticies and the qgH couplings with empty
circles. The particle label “V” refers to a W/Z boson.

The decay pathway we target is  — WW™* — evpuv, and this is reflected in the design
of the analysis. Looking back in Chapter 1, in Table 1.3, the decay process H — WW*
has the second-highest branching ratio of the Higgs to the SM products. The favourable
branching ratio coupled with the favourable decay kinematics of H — W W™ provided
us with the most precise method of measuring the inclusive Higgs boson production
cross-sections [128].
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Signal and Background Monte Carlo Simulation

The signal and the background MC simulation for each signal and background process
description is outlined in [124]. The matrix element generator, PDF sets, underlying
event, parton shower model, and prediction order are all summarised in Table 5.1.

Table 5.1: A summary of the MC used in the Higgs measurement [124].

Process Matrix Element  PDF set UEPS model  Prediction Order
for total cross-section
ggF H PowHEG-Box v2 PDF4LHC15 NNLO PyTHIA 8 N*LO QCD + NLO EW
NNLOPS
VBF H PownEeG-Box v2 PDF4LHC15NLO  PyTHIA 8 NNLO QCD + NLO EW
VH PowneG-Box v2 PDF4LHC15NLO  PyTHIA 8 NNLO QCD + NLO EW
qq — WW SHERPA 2.2.2 NNPDF3.0NNLO SHERPA 2.2.2 NLO
qq — WW SHERPA 2.1.1 CT10 SHERPA 2.1 NLO
WZ/V~*ZZ SHERPA 2.1 CT10 SHERPA 2.1 NLO
Ve SHERPA 2.2.2 NNPDF3.0NNLO SHERPA 2.2.2 NLO
tt PownEG-Box v2 NNPDF3.0NLO PyTHIA 8 NNLO+NNLL
Wt Pownec-Box vl CT10 PyTHIA 6.428 NLO
Z/v* SHERPA 2.1.1 NNPDF3.0NNLO SHERPA 2.2.1 NNLO

5.3 Object Reconstruction

Events in this analysis are triggered using single-lepton triggers and a dilepton e — p
trigger. The lepton transverse momentum threshold ranges between 24 GeV and 26 GeV
for single-electron triggers and between 20 GeV and 26 GeV for single-muon triggers,
depending on the run period [129]. The e — pu trigger requires a minimum p; threshold
of 17 GeV for electrons and 14 GeV for muons.

The electrons and muons we use are the same as with those defined in Chapter 3. The
jets we use for this analysis are also the same as with Chapter 3. If a reconstructed muon
shares an inner detector track with an electron, then we reconstruct the muon, and the
electron is removed. If leptons are within AR = (.2 of a reconstructed jet they are also
removed. Electrons and muons, with transverse momentum pr, are removed if they are
within AR = min(0.4,0.04 + 10 GeVpr) of the axis of any surviving jet.

The missing transverse momentum uses standard definitions of E*, though it was

miss

found during the optimisation that p’'**, using the tracks associated with the jets instead
of the calorimeter-measured jets, performs better in terms of background rejection [130],

miss

and therefore we use p7y
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5.4 Signal Region Definitions

In terms of defining our analysis strategy, the most important categorisation of events
is the number of py > 30 GeV jets present within an event. When targetting the ggF
signal mode we look at 0 and 1-jet events. and for VBF production we look at events
with at least two jets with pr > 30 GeV. The N; distribution is shown in Figure 5.3.
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Figure 5.3: The jet multiplicty distribution under preselection criteria. Uncertainties
include both statistical and systematic sources [131].

Our SRs are defined to maximise sensitivity to our ggF and VBF signal simulations. The
background contributions for the different jet multiplicities vary significantly and moti-
vate the analysis to be binned in N;; we show this in Figure 5.3. We first make prese-
lections to event-clean. We then apply selections oriented at rejecting background. We
then apply selections aimed at selecting for the H — WW™* — evpuv topology, and fi-
nally, we define the variable which we will extract a background-only significance from,
using a simultaneous statistical fit.

For all our regions, we apply loose preslection criteria, such as requiring two isolated,
different-flavour leptons (¢ = e or 1) with opposite charge. We require the leading lepton
momentum to be pi*d > 22 GeV and sub-leading transverse momentum of p5Plead >
15 GeV. We require my, > 10 GeV to reduce the contribution of Drell-Yan backgrounds,
and in Ny = 0 and 1 we require p2'* > 20 GeV.

To reduce background contributions, the V; = 0 SR requires that the azimuthal angle
between the dilepton pair and the missing transverse energy A¢({/, EF) to be greater
than 7 /2, which reduces the contribution of missing transverse energy originating from
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lepton mismeasurement. We also require the dilepton system’s transverse momentum
%) to be greater than 30 GeV, which reduces the contribution of Z/~*.

The N; = 1 SR selects on max(m?2, m ) where,

ml = \/2pk - Ep - (1 — cosAg(ls, BF™)), (5.1)

where i is either the leading or sub-leading lepton. We also demand m,, < myz—25 GeV
where m,, is calculated using the collinear approximation [132]. This selection vetos
background from Z — 77 production. The N; > 2 SR applies only the b-jet veto and
the m.., selections.

To select for the H — WW™* — evuv topology N; = 0 and 1 we apply my < 55 GeV
and A¢y < 1.8. Whereas for the N; > 2 selection, we apply a central jet veto and
an outside lepton veto, this is because the VBF signal process is most likely to produce
leptons within the pseudorapidty range. The N; = 0 and 1 use a variable my for the
simultaneous statistical fit, defined as:

my = /(B + Bpi)2 — [plf + By, (52)
where
Eg“f = |p¥ 2 + m%é? (5-3)

and p¥ is defined as the vector sum of the lepton transverse momenta. In the case of
N; > 2, weuse a BDT output score as our fitting score. The details of the BDT procedure
can be found in [124]

5.5 Background Estimation Method

To control the normalisation of the dominant backgrounds in the aforementioned SRs
we define CRs. In these CRs, we use data to normalise the MC simulation predictions. In
N; = 0 the background contribution is dominated by Z/~*, top quark pair production,
and non-resonant W W production.

The backgrounds in the n; = 1 SR are dominated first by non-resonant W production
and second by top pair production. The WW contribution accounts for 42% of the total
expected background, whereas top pair production accounts for approximately 36% of
total expected background. The top pair production background contribution is approxi-
mately five times greater than that of the expected ggF and VBF signal contributions. In
the WW CR, top pair production and non-resonant WW production both account for
approximately 38% of the background contributions of the region. For N; > 2 the dom-
inant background is by far top quark pair production, followed by a small contribution
from Z/~*.
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Table 5.2: The N; = 1 control region event selection criteria.

ggF N; =1 my  Apy Ny Morr max(mlT) p?iss pgﬁ mr n?:tz.s niL"Side

SR <H <1.8 =0 <myz—25 >50>20 - - -

CR-WW > 80 - =0 <myz—25 > 50 - - = - —
>my+ 25

CR-Top — — =1 <mz—25 > 50 - = — — —

CR-Z/~* < 80 - = >my — 25 > 50 - - = — -

We summarise the definitions of the CRs in Tables ?? - 5.3. We will summarise the
N; = 1 regions, in particular the N; = 1 SR. We define three CRs for the N; = 1
SR. These CRs correspond to the backgrounds Z/~*, W and top quark pair production.
The Z/v* CR is defined at preselection with the requirement that my, < 80 GeV, we
require N, = 0 and we require an inversion of m,,. We keep max (mép) unchanged
from the SR definition. The W W CR is defined with m, > 80 GeV, with N, = 0, we

require that ., be at least 25GeV more or less than m  and we keep maxm/. fixed.

Table 5.3: The N; > 2 VBF control region event selection criteria.

VBFN,; >2 my Adu Ny m., max(mb) ppec pE om, n?:tzs pipside
SR — - =0 <mgz—25 — - = =0 =0

Top - - =1 <myz—25 — - - = =0 =
Z/~* < 80 — =0 € (mgz—25myz+25) — - - = =0 =0

5.5.1 Top Control Regions

To control the top pair production background in the SR we define a top CR. The top CR
is defined after preselection criteria, where we require at least 1 b-tagged jet and a m!’ >
50 GeV. To increase statistics, we do not apply topological cuts to the CR. Full region
selections are defined in Table 5.2. The SR preselection and the CR background estimates
can be related to the preselection background estimates with a b-tagging efficiency ¢,
or a b-veto efficiency €., defined as:

NSPII{:{E — NPRE % Eveto (54)

NCR = NPRE X €8, (5.5)

Here Ncg is the aforementioned top CR and NERF is the SR defined before topological
cuts and orthogonal to the CR via a b-tag veto. The relationship between the two and
their preselections is shown in Equation 5.5. We can write the estimate for the SR top
background contribution in terms of the CR top background estimate and the efficiency
of b-tagging in a N; = 1 sample. To do so in the simplest way requires us to take
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etag =1- Veto. This expression is given via,

N PRE =N CR X 5.6

1y

tag

The error propogation for this expression is,
2
1—ce¢ Negr)\ 2
2 t 2 CR 2
Osr = ( 1j ag) ONer T ( 2 ) Te (7)
Etag €

If we rearrange Equation 5.7 to put it into relative error form then we get an expression
showing us the relative error contributions from N¢gr and etag

(Re) = (Fa) v (2 6
Now) ~ \New) " (1—dg) \e

This reveals a troublesome dependence on the b-tagging experimental systematic uncer-
tainties which come from estimating (—:tlgg from MC. The typical relative error of etlgg to
b-tagging experimental systematlcs is approximately 5%. If we take indicative values of
Ner = 18813 £ 141 and etag = 0.746 4 0.004 then the uncertainties as small as 5%

uncertainty in the CR top component leads to relative errors in the SR top estimate of
approximately 20%.

5.5.2 Data-Driven b-jet Efficiency Extraction Method

To reduce the dependence of the b-tagging systematic on the SR top estimation, we es-
timate the D-tagging efficiency directly from data, and not from the MC. This lets us
remove the explicit dependence on the b-tagging efficiency estimates — though we re-
tain our implicit dependencies. To have a baseline we define the MC b-tagging efficiency
in a one jet sample as:

N,

MC 1j1b

Qe i (5.9)
T8 Nisow + Nijip

where N is the top pair production yield corresponding to the CR indicated. To extract
a data-driven estimate of this efficiency we can use a tag and probe approach. To use a
tag and probe approach, we will require a two jet CR sample. We define two new regions
both with two jets required with either a one b-tag or two b-tag selection. The regions
entering into our data-driven b-tagging estimate are summarised in Figure 5.4.

We label the efficiency of a b-tag selection in a two jet selection with eQDjata. We must first
ensure that the modelling and the shape differences between the one jet and the two jet
selections are appropriately similar. There are different choices that we can make when
comparing the kinematic distributions in a tag and probe approach. The first method is
to plot the kinematic distributions of only of the leading pr jet. The second approach is
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Figure 5.4: A summary of the jet and b-tag selection requirements for the top CRs and
b-tagging efficiency CRs.

only to plot the distributions of the sub-leading jet, and the third approach is to select a
jet in each selection randomly. We show the tag and probe approach in Figure 5.5.

g o ‘
q w
H V
T B
g . 14
W W
q/
(a) Gluon-gluon fusion. (b) Vector boson fusion.

Figure 5.5: Top CR distributions of ¢t and Wt jet pr in n; = 2 (2j probe) events and
n; = 1 events. For each n; = 2 event one of the two jets is chosen randomly and the pr
of that jet enters the distribution if the other jet is tagged. The left plot is for the run-I
/s = 8 TeV dataset, and the right plot is for run-II 2015 MC. The distributions in both
cases are similar with deviations only for low jet pr.

Given the modelling is good in our control regions, we can then write the efficiency of
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Data .
€9i  as:

Data __ Najp
2 T 1 :
2 NVojin + Najap,

(5.10)

We can relate this efficiency in a two jet selection in data to an estimate for the efficiency
in a one jet selection with:

MC

. . €1

EST __ _Data correction correction __ 17
€; =€y X[ where f = 76%/1»07 (5.11)

J

where feorrection js the term which accounts for kinematic deviations between the one
jet and two jet selections. Given that the modelling is good in all CRs we can be confi-
dent that the deviation in this term is driven by the true underlying kinematics and not
mismodelling.

To apply the data-driven b-tag extraction method we need the background information
from four regions, the SR1500-PRE, CR151b-Top, CR251b-Top, and CR232b-Top regions.

Table 5.4: The yield breakdown for the different regions used for calculating the b-
tagging efficiency. We show preselection of the SR and one top CR and two regions
for b-tag efficiency extraction [131].

Region SR1;j0b-PRE CR1;1b-Top CR2;1b-Top CR2;j2b-Top
WW 608582 £2280  310.79+£584  202.72 £ 4.38 9.95 £ 0.92
other VV 454.19 + 10.50 30.84 + 3.26 27.17 + 2.36 1.26 + 0.62
Vi 307.94 + 22,62 24.35 + 6.59 21.19 4 5.12 0.38 4 0.29
Top 7359.65 + 36.84 20263.98 + 64.18  30060.93 + 76.97 30502.72 =+ 80.07
Z /" 1305.75 + 114.47  139.35+23.60  110.43 + 18.81 10.63 + 5.60
VBF [125GeV]  35.37.10 £ 0.51 2.10 £ 0.13 5.25 £ 0.21 0.16 £ 0.04
ggF [125GeV] 455.10 + 4.62 26.23 4+ 1.19 18.01 + 1.01 1.51 +0.26
Total 16827.55 = 129.68 21168.96 = 72.94 30055.48 = 84.46 30848.95 & 84.40
Data 16737 20758 30678 329512
Data/SM 0.99 £ 0.01 0.98 £ 0.01 0.99 £ 0.01 0.96 & 0.01
Top Purity 0.44 0.96 0.97 0.99

These regions have a top purity of 0.99 £ 0.01, 0.98 £ 0.01, 0.99 4+ 0.01 and 0.96 + 0.01
respectively. The Data/SM ratio for all regions is acceptable for all regions. The yields
are summarised in Table 5.4 and the modelling for the leading jet in these regions is
shown in Figures 5.6-5.8.

5.5.3 Signal Region Top Pair Production Estimation

The MC estimate for the b-taggin efficiency is 6%[ ¢ = (.73640.003, with the data-driven

estimate being extracted to be €[>" = 0.72740.004, with the b-tagging efficiency in data



136 Measurement of the Higgs Boson Production Cross-sections

< 3000 [ ey 4000 e e e
(<) [ @ Data %2 SM (sys O stat) | o r -@ Data %2 SM (sys O stat) ]
o [ B ww [ Other vV ] ; 3500F B ww [ other v A
2 2500F vy [ Top J 2 3 mvy [ Top ]
[ . mzy [ VBF [125 GeV] ] ] [ . mzy [ VBF [125 GeV] ]
% [ H-WW —ep+pe O ggF [125 GeV] ] @ 3000F H-WW —ep+pe O goF [125 Gev] ]
> 2 r b [ 1
@ 2000¢ 2500F E
1500} p : 2000F o ]
P ) ] f 7///2/ 1
1000: ) ] 1500F ) /// 74 il
r 3 . ) 1
: , 1000F % . 3
500F . F . i
[ 5001 !
Ly L M . :‘ - L L Lo L L - “:
< e FRiE s 1_8,\‘”WH‘mWm_m_m_mmwﬁ
o l4E i 2 14H 4

; 1'215 [} » ’ ol |% ; 1'2,. F Y 00 g0a000a0e%s  ® by

= E o' L”H T ‘ = 1 re®ge 00900000 o

o 08 o tw Te ol e o 08l ol L
0'45‘..\...‘\‘H.\.‘T‘\‘L‘f\ H‘L— 0'45"?‘.3‘ﬁu‘\H.w.".\..‘.\‘.Hmu.\u.‘mﬂ

: 50 100 150 200 250 300 T4 3 2 -1 0 1 2 3 4
P’ [GeV] n®

(a) CR1j1b-Top pr (b) CR151b-Top pr

Figure 5.6: We show the modelling for CR1;2b-Top. In (a) we show the leading jet pr.
In (b) we show the leading jet 7.
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Figure 5.7: We show the modelling for CR2;2b-Top. In (a) we show the leading jet pr.
In (b) we show the leading jet 7.

being less than the MC prediciton. The overall top background normalisation factor is
dependent on the b-tagging efficiency, and by more accurately measuring the b-tagging
efficiency we can get a more accurate estimate in the SR.

Using the MC b-tagging efficiency 6% ¢ we get a SR1;j0b-PRE top contribution of Ny o, =
7360 £ 37. By instead using the data-driven estimate G%ST we estimate Ny, = 7459 +
152. The difference between these two methods corresponds to a total normalisation of

1.01 £ 0.02. We summarise the quantities used in these calculations in Table 5.5.
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Figure 5.8: We show the modelling for CR2;2b-Top. In (a) we show the leading jet pr.
In (b) we show the leading jet 1.

Table 5.5: We summarise and compare the different estimates which enter into the b-tag
efficiency calculation, for both run-I [124] and run-IL See text for description.

Run-I [ep + pe]  Run-II [ep + pe]

N 7™ 2000 + 5 7360 & 37
N 100 2051 + 49 7459 + 152
NSt 6083 + 82 19853 + 148
eyle 0.75+0.14  0.736 £ 0.003
edc 0.69 £0.04  0.6699 =+ 0.0008
e TA 0.694+0.31  0.662 % 0.002
e’ N/A  0.727 £0.004
Brag 1.03 £ 0.02 1.01 £ 0.02

Once we have the estimate in SR1;0b-PRE, we wish to apply the topological selections
to make an estimate in the SR itself. To do this, we use the MC in SR1;j0b-PRE and
the SR and determine a transfer efficiency. The transfer efficiency for our regions is
€jor/sr = 0.182 4 0.002. Applying this efficiency takes us from an SR1;00-PRE top
estimate of 7459.25 4= 151.94 to an SR estimate of 1356 + 32.

The effect associated with the primary b-tag efficiency was determined and is summarised
in Table 5.6. In general, we see that the data-driven estimates are far less dependent on
the critical b-tagging experimental systematic.
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Table 5.6: Summary of the systematic uncertainty on the SR top background estimate
due to the primary b-tag efficiency. The data-driven estimates produce improved uncer-
tainties.

Standard [% error] Data Driven [% error]

Ny HoP +14.6/ — 12.0 +1.7/ 1.8
Eleb/SR +31/ —2.8 +31/ — 2.8
N st +18.2/ — 145 +4.9/ — 4.6

5.6 Fit Method

We use a profile likelihood approach as outlined in Section 4.9. For this analysis, the
likelihood function incorporates probability distributions for SRs, CRs, systematic un-
certainties and MC statistics. The SR is modelled using Poisson function f(Ny|...)
which is binned in n; as well as in the fit variable itself (m). The CR is modelled using
the Poisson functions f(NV;|X 5, By) for CR [ and background process k. The top CRs
are treated slightly differently. The yield in CR1;j1b-Top is used as the top quark pair
production normalisation factor.

f(Ng(P){PWtOthcoﬁ + Bother)' (5.12)

We then define f3,, to fit for the b-tagging efficiency. While controlling for b-tagging
inefficiencies we must have an interplay between the SR top quark yields and the CRs.
This is because events can propogate between them when the b-tagging efficiency is
floated. The top background contribution is estimated by:

BEST — /BBMC

top top

= (1+ f1f2)BYAS

‘ (5.13)
= BYC + /B
= BYC + (1 — Bug) Bidy

which is taken to be the top yield in the SR and WW CR Poisson functions. The CR2;1b-
Top probability distribution function is taken to be:

P(2j1b) = f(NQIJI‘)|Btothlgp + Btop(l - Btag)ngp + Bother)a (5-14)
and the CR252b-Top probability distribution function is:
P(2j2b) = f(N22]l')|6top6tagB§£p + Bother)' (5'15)

The systematic uncertainties are implemented using Gaussian functions ¢(t;|6;) for a
source of uncertainty ¢. The MC statistics are incorprated with Poisson functions f((y)
for k background processes.



5.7 Results 139

5.7 Results

The results are generated after the simultaneous statistical fit and are inclusive of all
systematic and experimental sources of uncertainty. In the SR for n; = 1 we have
Bww = 0.97 £0.17, Biop = 0.98 £ 0.08, By = 1.014 £ 0.021 and Bz~ = 0.90 £ 0.12.
The normalisation factors for each of the three SRs are summarised in Table 5.7. The
modelling for all CRs is acceptable, and is shown for all three of the CRs in Figure 5.9.

Table 5.7: Post-fit Normalisation Factors which scale the corresponding estimate yields
in the SR. The WV background in the VBF SR uses an MC normalisation method. These
normalisation factors incorporate both statistical and systematic uncertainties.

FitNF ggF N; =0 ggFN;=1 VBFN;>2
WWw  1.06+0.09 0.97+0.17 —
Top 0.99£0.17 0.98+0.08 1.01+£0.01
b-tag — 1.01£0.02 —
Z/v* 0.844+0.04 0.904+0.12 0.9340.07

The total signal observed across all SRs is approximately 1000 events, and with the back-
ground and signal yields, we see agreement of both shape and yield with the expected
SM behaviour. The post-fit SRs are shown in Table 5.8 and the N; < 1 combination
plot is shown in Figure 5.10, with the solid red representing the ggF my = 125 GeV
H — WW?* signal model. The VBF signal model is also incorporated and is simultane-
ously fit in conjunction with the ggF component.

Table 5.8: The yield breakdown for the different SRs in the H — WW analyses. Uncer-
tainties include both statistical and systematic sources [131].

Process N;=0ggF N, =1ggF N;>2VBFIncBDT N, >2VBFBDTe (0.86,1.0)

ggF 639 £ 110 285 £ 51 42 + 16 63
VBF T£1 31+£2 28 + 16 16 £6
WWw 3016 + 203 1053 £ 206 400 £ 60 11+£2
\'A% 333 £ 38 208 £ 32 70 £ 12 31
Top 588 £ 130 1397 £ 179 1270 £ 80 14+£2
Mis-ID 447 £ 77 234+ 49 90 + 30 6+2
Z/y* 27+ 11 76 + 24 280 £ 40 4+1
Total 5067 £ 80 3296 £ 61 2170 £ 50 60 £ 10
Data 5089 3264 2164 60

The production cross-sections times branching ratios for oger - By_,ww+ and oygr -
B _,ww~ are extracted simultaneously. The gluon-gluon fusion component is measured
to be:

Ogar * Brww+ = 11.47F(stat.) 7173 (theo. stat)*]3(exp syst.) pb

5.16
= 11.4%22 ph. (5:16)
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Figure 5.9: The CR and SRs for the N; = 1 ggF selections. In (a) we have the WV CR.
In (b) we have the top CR, (c) corresponds to the Z+jets CR and (d) shows the N; = 1
SR [131].

The vector boson fusion component is measured to be:
over - Br_ww+ = 0.507023(stat.) T 19 (theo. stat)™)-12(exp syst.) pb

= 0.507539 pb.

(5.17)

The SM predictions are 10.4 &+ 0.6 pb and 0.81 £ 0.02 pb for ggF and VBF [133] respec-
tively.

We simultaneously fit the signal strength parameter . for both ggF and VBF production,
with a decay of H — WW*. The measurement of the ggF signal strength:

g = 1107005 (stat.) 513 (theo syst.) "0 13 (exp syst.) (5.18)
= 110753, (5.19)
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Figure 5.10: The Nj¢¢ < 1 combined SR distribution for my. We can see the necessity
of the gluon-gluon fusion Higgs background and glimpses of the vector boson fusion
components [131].

The VBF signal strength was measured to be:

pver = 0.627032(stat.) 012 (theo syst.) T3 12 (exp syst.) (5.20)
= 0.6270 3% (5.21)

The contributions to the errors of this signal strength measurement have a variety of
sources —- statistical, experiment, and theoretical, with different contributions to ggF
and VBF, respectively. We break these down in Table 5.9. For the measured ggF cross-
section, the MC statistics contributes 6% of the total error. The largest theoretical uncer-
tainty is from non-resonant W production, which also comes in at 6% with the largest
experimental uncertainty being due to the modelling of pileup at 5%. We note that the
b-tagging uncertainty is only contributing 4% to the total cross-section uncertainty -
which is a big improvement given the huge dependency of this uncertainty using the
MC estimated b-tagging systematic. The total relative uncertainty is 18% and the VBF
cross-section measurement is dominated by data statistics, followed by MC statistics,
and then theoretical uncertainties, which are driven by uncertainty in the ggF signal for
N; > 2 signal selections. The total uncertainty in the VBF cross-section measurement
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is 57%.

Table 5.9: Breakdown of the main contributions to the total uncertainties on Aogep -
By _sww+ and Aoypr - By_ww+. The sources are grouped by origin. Correlations are
incorporated in the combination of systematic sources [131].

Source Aoger - By_sww+[%] Aovpr - Buww-+[%]
Data Statistics 10 46
CR Statistics 7 9
MC statistics 6 21
Theoretical uncertainties 10 19
ggF signal 5 13
VBF signal <1 4
WwWw 6 12
Top 5 5
Experimental uncertainties 8 9
b-tagging 4 6
Modelling of pile-up 5 2
Jet 2 2
Lepton 3 <1
Misidentified leptons 6 9
Luminosity 3 3
SYS.+STAT. 18 57

Both the ggF and VBF signal strength measurements are compatible with SM prediction,
with the observed ggF significance being 6.00 and the VBF significance being 1.80 [124].

5.8 Full Run-II Combined Results

The work outlined in the previous sections related specifically to the measurement of
the inclusive Higgs boson production cross-section via the H — WW* — evuv decay
channel. Similar measurements of og.r i and oypr i can be made while studying each
decay pathway available to the Higgs boson. In fact, this is exactly what was done
during the run-I analyses as outlined in Section 5.1. In the run-II follow-up we can
perform a similar combination of these measurements using all the individual analyses
as they currently stand[134]. The combined result combines the results of H — vy
(including ttH, H — v7), H — ZZ* — 4¢, VH, H — bb and H — jy; using the data
from 2015-2017, with the results from, H — WW* — evuv, H — 77, VBF H —
bb, ttH, H — bb, and ttH multilepton, H — invisible, and off-shell H — ZZ* —
40 and H — ZZ* — 2(2v; using data from 2015-2016. The specific analyses and
datasets are documented in Table 5.10. We summarise the ATLAS collaboration Higgs
measurements in Figure 5.11. We summarise the production cross-sections normalised
to SM values for Higgs boson production cross-sections from gluon-gluon fusion, vector
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Table 5.10: A summary of the final states used in the combined Higgs measurement
[134].

Analysis Dataset Integrated luminosity [fb_l]
H — 7 (including tt H,H — ) 2015-2017 79.8
H — ZZ* — 4 (including ttH,H — ZZ* — 40) 2015-2017 79.8
VH, H—bb 2015-2017 79.8
H — pp 2015-2017 79.8
H— WW* — evuv 2015-2016 36.1
H 717 2015-2016 36.1
VBF H — bb 2015-2016 24.5-30.6
ttH, H — bb and ttH multilepton 2015-2016 36.1
H — invisible 2015-2016 36.1
off-shel H - ZZ* — 40 and H — ZZ* — 202v  2015-2016 36.1

boson fusion, W Higgstrahlung, Z Higgstralung, and ¢t fusion and top Higgstrahlung.
The normalised production cross-section for gluon—gluon fusion is 0,r/02M = 1.04 £

g9F —
0.09, the production cross-section for vector boson fusion oypr/oumk: = 1.21703; we
then have W Higgstrahlung ow /o5, = 1.307038, Z Higgstrahlung oz /o3y =

1.05%0 5. tt fusion and top Higgstrahlung o745/ 05 ory = 1.2170:34.

In Figure 5.12, we can look at the correlations between o4 and oygr for H — 77,
H— ZZ, H— WW, H — 771 individually, as well as the combined measurement.
The SM prediction agrees within the 95% CLs interval of the combined measurement.
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Figure 5.11: The cross-section normalised to SM value for different Higgs production
pathways. These measurements come from a variety of datasets, detailed in [134]. The
SM cross-section is shown in red. Detailed for each measurement is the statistical un-
certainty, the systematic uncertainty and the total uncertainty. This allows us to deter-
mine if a measurement is statistics or systematics limited, and therefore which the most
effective pathways for analysis development are. All cross-section measurements are

consistent with the SM.




5.8 Full Run-II Combined Results 145

—_— T T T T ‘ ‘ ‘ ‘ ‘
& 20| ATLAS | CHe
T B =13 TeV, 24.5 - 79.8 fb— |
] i m:= 125?09 GeV, |yu| < 25 —H->ZZ :
b> L Psu = 50% Hos WW
15 u —H-> 77 N
- — Combined |
10 } E
5 :
ol | i
i — 68% CL -- 95% CL =Best Fit ®SM |

| | | [ | | | [ | | | [ | | | )

0 20 40 60 80 100

0 ggF [Pb]

Figure 5.12: The summary of ggF and VBF Higgs production cross-sections as measured
using different Higgs final states. For each measurement, the 68% CL is shown using
a solid line, and the 95% CL, for the combined measurement is shown in a dotted line.
The best fit for each measurement is shown with a cross. The combined measurement is
shown in black, with the SM expectation being shown in magenta. The SM expectation
is consistent with the combined 68% CL contour [134].






Chapter 6

FTK Fast Simulation

In this chapter, we describe our development and implementation of a fast simulation
method for the ATLAS Fast Tracker project. The goal of this fast simulation project was
to mitigate the CPU-intensive requirements of the full simulation of the Fast Tracker. First,
we provide a general overview of the hardware of the Fast Tracker, then we provide an
overview of the full simulation. Finally, we detail our methodology of parameterising the
track parameter uncertainties. We call our methodology Fast Tracker fast simulation —
FIKFastSim.

6.1 The Fast Tracker

The Fast Tracker (FTK) is a hardware-based solution to high multiplicity tracking diffi-
culties. We provide a schematic of the FTK in Figure 6.1. The FTK takes in as input all
pixel detector and SCT data and the outputs of the FTK is tracks. The FTK is located
between the ATLAS readout drivers (RODs) and the readout system (ROS) and provides
tracking information to the HLT for trigger decisions. In order for the FTK to operate

Calorimeter and Muon detectors
. 40 MH .
trigger data 0 MHz Tracking and
other detectors
data

Level 1 Accept

o ®

100 kHz

Pix & SCT data

Regions of Interest ReadOut System
ROI

Data Collection
Network
requests

40 kHz Storage
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Figure 6.1: FTK trigger system overview [39].

in the high-speed environment provided by the LHC, we rely on five primary principles;
parallelisation, reduction, elimination, simplification, and hardware. The first principle
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is parallelising the problem; we do this by segmenting the pixel and SCT into 1 — ¢ space
(sounds destructive!) and then separating this space into 64 bins; we refer to these bins
as towers. We show the tower configurations in Figure 6.2. Seperating the detector into
64 bins allows us to parallelise the fitting procedure over multiple copies of identical
hardware. The 64 towers have a degree of overlap while parallelising in order for ease
of data access. In Figure 6.2, the red and blue rectangles highlight this data overlap

3
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Figure 6.2: FTK tower map.

The second principle is reduction in the data volume. In order to operate under current
run conditions, the amount of data passing through the FTK system must be reduced. In
order to do this, we convert hits and clusters into coarse resolution regions known as
superstrips. A schematic of the coarse resolution regions of space is shown in Figure 6.3.
The individual rectangles are the coarse resolution superstrips, and the gold highlighted
regions are areas which have measured a hit above some threshold.

The third principle is elimination of costly loops. The track finding algorithms are in-
herently computationally expensive, which requires many loops. In order to remove
this constraint, the FTK precalculates superstrip configurations known as pattern banks;
these patterns are then stored, where we can compare hit configurations later, upon mea-
surement. We show a schematic of different pattern examples in Figure 6.4. The fourth
principle is simplification of algorithms. Once we have the pattern bank match, we look
at the higher resolution hits, where we now wish to fit for a track solution. The FTK
uses a linearised fit method in conjunction with FPGAs in order to reduced the required
time of this track fitting step. The tracking when done in this way can be completed in
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Silicon
Layers

Figure 6.3: FTK superstrips and patterns.

5 picoseconds. The FTK achieves this lightening speed by calculating the phase-space
of possible tracks (by minimising the y?), then using a linear approximation to calcu-
late the tracks, where the linear approximation is dependent on the hit configuration.
The FPGAs then multiply the hit coordinates extracted from the linear approximation
by pre-calculated constants to get a x2. This x? is calculated in the following way:

Ne
Xi:ZSijxj+hi;i:17--~;Nx- (6.1)
j=1

where The fifth and final principle is hardware.

6.2 FTK Hardware Overview

The FTK has the design goal of global tracking at a Level-1 trigger rate of 100 kHz and
an instantaneous luminosity of 3 x 10** cm~2s~!. The hardware functional schematic
for the FTK is shown in Figure 6.5. The pixel and SCT data are transmitted from the Read
Out Drivers (ROD) at 100 kHz and received by the Data Formatters (DF). The information
parsed is clusters of pixel and SCT hits, where the clusters are defined as side-by-side
or diagonally joined pixel or SCT hits. The DFs reorganise clusters into 64 n — ¢ space
towers as illustrated in Figure 6.2.

We further split these towers into 16 ¢ bins and 4 7 bins. Creating these zones in the
7 — ¢ space is problematic due to clusters overlapping with the tower boundaries; the
solution to this is to allow overlap between these regions, as illustrated in Figure 6.2.
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Figure 6.4: FTK patterns. Gold are all superstrips which have a hit in them. Blue are the
superstrips which correspond to track solutions.

The overlap present in the ¢ boundaries is sufficient to cover the multiple scattering and
track curvature uncertainties, and the resolution in 7 is sufficient to cover the beam’s
luminous region in the z-direction. The  — ¢ space clusters extend to a maximum of
four pixels in the ¢ direction and five pixels in the z or r directions — depending on
whether the cluster is in the endcap or barrel. Once the clusters have been organised
into 17 — ¢ bins, each DF transmits 8 n — ¢ towers to the core crates, which contain the
pattern recognition and track fitting hardware.

The Data Organiser (DO) then receives the clusters, where we convert from full resolu-
tion hits to coarse resolution superstrips. The superstrips are the core unit of our pattern
recognition. The patterns are determined in advance using full ATLAS simulation with a
single muon source and correspond to the possible superstrip combinations across eight
silicon layers: the IBL, two outermost pixel layers, four axial and one stereo SCT layers.
These pre-generated patterns are stored on Associative Memory (AM) boards and have
unique identifiers known as a “road ID”. The AM boards are massively parallel systems
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Figure 6.5: FTK hardware overview [39].

where each pattern has access to each hit nearly simultaneously; this allows the entire
pattern matching process to be complete soon after the final hit enters the core crate,
see Figure 6.5. Once we have a pattern match, the AM board communicates with the
DO board requesting a pattern’s full resolution information. The design of the DO then
allows rapid access to this information.

Once a cluster of hits has an associated pattern, the Track Fitter (TF) receives a road
ID from the DO. The TF then performs a linearised track fitting calculation to provide
the track parameters. The TF can perform approximately 10° track fits per second. The
Hit Warrior (HW) removes the duplicate tracks with predefined y? criteria. The Second
Stage Boards (SSB) extrapolate the 8-layer track to the 12 silicon layers present in the
inner detector. The output of the SSB are tracks with their constituent hits, the x?, the
helical track parameters, and the track quality. The SSB output tracks enter an FTK-to-
Level2 Interface Crate (FLIC) which provides tracks to the HLT system.

6.3 FTK Full Simulation

The FTK full simulation, referred to herein as FTKFullSim, is implemented to emulate
the logical functions of each FTK hardware component. FTKFullSim takes MC truth
level track information and performs a full simulation of the FTK hardware system. The



152 FTK Fast Simulation

output of the FTK simulation is trigger selection emulation. The DF board is simulated by
dividing its function into two parts, the first being hardware clustering and the second
being the transferring of hits to the relevant n — ¢ tower. The AM boards provide a
massively parallel hardware system which can process each hit through approximately
1 billion patterns every 10 ns, and in order to store these patterns in the simulation, we
require 35 GB of storage. This represents a massive hurdle to FTK simulation, as modern
CPU architecture cannot simulate this functionality.

In order to approach this problem, we split the AM boards into two logical steps — road
finding and track fitting. The road finding simulates the AM pattern-matching capabili-
ties, including the retrieval of the superstrip address for each hit. The emulation of the
TF completes after a block of events has been fully emulated. Differences between sim-
ulation and hardware have been studied and are negligible. In FTKFullSim the TF and
SSB are both emulated together, with both 8-layer and 12-layer tracks being calculated
simultaneously. The four excluded layers in the 8-layer fit by extrapolating from the 8-
layer fit using a linear calculation. The fit coefficients required for simulation of the track
fitting require 2 GB of storage space, and a GPU based approach runs approximately 1
million times slower than the FPGA hardware implementation. Unlike the hardware,
the simulation can easily modify which of the 12 silicon layers can be used for pattern
matching, which gives us the capability to perform optimisation studies.

A serious drawback of including the FTKFullSim into the ATLAS MC simulation is the
significant increase of CPU usage, typically between 15-30%, bringing ATLAS simulation
execution time to 300 s/event with the AM simulation taking approximately two-thirds
of this time. Given track finding time is a function of track multiplicity, and scales with
LHC luminosity, the track finding simulation time will only increase with future data-
taking runs. The inevitable increase in track finding times necessitates the development
of an alternative method to FTKFullSim, which is both faster and more memory efficient.
Our solution to this problem is to develop a fast simulation approach, which emulates
the track parameter resolutions of FTKFullSim via the use of a resolution lookup table.

6.4 FTK Fast Simulation

This section documents our work into parameterising the FTKFullSim track parameter
uncertainties into a fast lookup table approach known as FTKFastSim. Our fast simula-
tion approach begins by taking an ATLAS MC simulation which generates truth tracks as
well as corresponding FTKFullSim tracks. In this simulation sample, there exists no one-
to-one correspondence between truth tracks and FTKFullSim tracks due to the nature
of the FTKFullSim pattern matching process. The FTKFastSim simply emulates track pa-
rameter resolutions, which are in the form of a lookup table for a given tracks properties.
A general comparison between the FTKFullSim and FTKFastSim processes is shown in
Figure 6.6.
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Figure 6.6: Schematic of FTKFullSim versus FTKFastSim, with Gaussian smearing occur-
ing between.

6.4.1 Track Parameter Resolution

In the ATLAS detector the measurement of the impact parameter is primarily driven by
the position resolution of the hits used to reconstruct a given track. In fact, the impact
parameter resolutions are almost entirely driven by the first two measurement planes
and can be approximated by [135]:

rio k
s 2 P o0 @ 17“17 62)
r9 — 1l pr

here the & notation means add in quadrature. The position resolutions of the first and
second measurement layers at 7, and 5 are 07 and 09. The second term ky71/pr is a term
which encodes the RMS of the multiple scattering angle from the first plane onward.

For our purposes of creating FTKFastSim we can take Equation 6.2 and write it in the
form:

)@ B(|77|apT)

g = A(|n|7pT ) (6'3)

here A(|n|) parameterises the intrinsic error of the track parameter and B(|n|, pr) ac-
counts for errors associated with multiple scattering effects. We include the momentum
dependence purely for generalising, though for all track parameters except the curva-
ture, the constant B is purely a function of |5| and has no momentum dependence. If
we assume no correlation between the different sources of error we get the functional
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form:

o(lnl.pr) = JA(\n\,pTV n (B“Z'“) . (6.4)

On a track by track basis this resolution function cannot be directly calculated as the
matrices A(|n|, pr) and B(|n|, pr) cannot be known. In order to tackle this problem we
instead calculate the resolution function directly by taking track ensembles with similar
kinematic properties. The first binning we choose is in |1| where we choose to break the
range into five bins. This gives us:

oi(pr) = \IA?(PT) + (Bi(pT)> : (6.5)

pbr

The second binning we choose is in the curvature of the tracks 1/2p7, where we break
the range into 26 bins. This gives us:

2
0ij = y| A + (B]”> : (6.6)
20
The third binning we perform is in terms of whether a track has an IBL hit or not. The
reason for this is driven by the IBL being the first possible plane of measurement, which
largely determines the track parameter resolutions, as stated in Equation 6.2. In total
this leaves us with 260 bins, broken down like so,

{mi € (1,5)} x {1/2pr € (1,26)} x {IBL € (0,1)}. (6.7)

The FTKFastSim approach is visually shown in Figure 6.7, where each function corre-
sponds to a specific pseudorapidity bin, and the resolutions are functions of the curva-
ture.

6.4.2 Residuals and Gaussian Fits

For a given track with |n
all |n| and 1/2p7 bin combinations.

, 1/2pr, and an IBL bit, we can calculate the resolution o0;; for

Our goal is to determine the resolution functions o(|n|,1/2p7) for the FTKFullSim, so
that we can use them to parameterise the resolution and create an FTKFastSim. To
determine these functional forms, we must first bin the MC truth events in terms of |7|.
In order to determine the functional form we must calculate a resolution for tracks at
each value of curvature involved, to do this we bin in 1/2p7.

We define two sets of tracks, the first being the truth level tracks, which provide us with
exact knowledge of a particle’s behaviour. The second set of tracks are reconstructed
tracks from FTKFullSim. In order to get the FTKFullSim tracks, we pass the truth level
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N 1

n

Figure 6.7: A schematic showing the FTKFastSim for a given track parameter resolution
(0) and IBL hit. We have three principal axes, the first being %k, which here is the curva-
ture of a given track. k is split into 26 different bins. The next axis is ||, which is split
into 5 separate bins. The third is the track parameter resolution o. Equation 6.2 showed
us we can write an error parameterisation in terms of a square root function for a fixed
7, and varying k. The two functional forms correspond to different 7 binnings.

tracks through the FTKFullSim, producing a truth track—-FTKFullSim track pair. Once
we have the two populations of tracks, we can then compare them to one another to
determine the resolution functions.

For each truth track and full simulation track pair and each track parameter P we calcu-
late the following,

AP = Prai — Pryuth- (6.8)

We then take this value and fill a histogram corresponding to the || and 1/2py of the
given truth track. Calculating this ensemble gives us the distribution in Figure 6.8. Once
we have the residual distribution AP we fit a Gaussian to the distribution over the full
range. The output of the Gaussian fit is a constant, /V, a mean, y, and a standard deviation
of o.

6.4.3 Track Resolution Parameterisation

For a fixed |77| we calculate 0,,; and then plot these together which gives us a proxy for
0,(1/2pr). Figure 6.8 shows the distribution for tracks with € (0,0.5) and an IBL hit
for track parameter dy. We then fit these points o,(1/2pr)(AP) with the square root
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Figure 6.8: The Gaussian distribution for impact parameter dy with an IBL hit, € (0, 0.5)
and 1/2pp € (X1, X2)

function:

o,(1/2pr) = UA+£. (6.9)

The output of the fit is constants A and B for a specific |n| and IBL bit is shown in Figure
6.9

We generate a square root fit for each combination of 77 and IBL hits, and create a lookup
table of A and B constants. This lookup table corresponds to the core implementation of
the FTKFastSim. For a given measured track, we take its pseudorapidity 7, and whether
it has an IBL hit, and we reference the lookup table to retrieve A;; and B;;. The con-
stants A;; and B;; give us the parameterisation of the resolution as a function of the
track’s curvature. This allows us to define a Gaussian with width equal to the resolution
from our parameterisation. In order to determine the uncertainty of a given track pa-
rameter, it is then simply a matter of randomly sampling from the extracted Gaussian.
Mathematically the fast simulation process is given by:

Prast([n],1/2p1) = Prvuin + Gp(1,0,0(n], 1/2p1)). (6.10)
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Figure 6.9: An example of a square root fit for the track parameter dy with a track having
an IBL hit and || < 0.5. The individual black points correspond to resolution of the
Gaussian distribution of all tracks which have an IBL hit in |5| < 0.5 as shown in Figure
6.8

6.4.4 Double Gaussian Case

It was found that different ||, curvature and IBL hit combinations resulted in non-
negligible tail fractions in the resolution distributions. The origin of these tail fractions
was never explicitly determined, but we could include their presence in the resolution
parameterisations. It was decided that we could parameterise these non-negligible tails
with a second Gaussian contribution. The functional form of the Gaussian fit would

therefore be modified, and go like:

DG:G(Nl,,ltl,O'l)—f—G(Ng,/Lg,O'g). (6.11)
The variance of a double Gaussian mixture is well understood and given by:
0ha = Pach + Po% + [paih + pait — (Papa + peis)’ - (6.12)

Now, the goal of the track resolution parameterisation is to get a functional form of
0,(1/2pr), which means all the terms which enter into the track resolution must have
some known dependence on the curvature. Fortunately for us 04, op and their asso-
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ciated weights do have this property, but ;14 and g do not have this property. It was
decided to apply the constraint of 14 = 0 and g = 0, and this assumption was validated
against truth MC. Making this assumption simplifies our track resolution parameterisa-
tion to:

Oha = Pa0a + PBOp. (6.13)

In order to make this parameterisation feasible we were required to fix the relative height
of the tail Gaussian to the core Gaussian to approximately 11% - this choice was moti-
vated by the vast majority of Gaussians naturally falling into this range, and for the
stability of fits. By making this relative height assumption, we can normalise our track
resolution parameterisation which gives us the value of the p4 and pp.

When implementing the double Gaussian approach, we require two square root param-
eterisations. The first being the core Gaussian behaviour and the second being the tail
Gaussian behaviour. All the other remaining steps are identical to the single Gaussian
approach. The final form of the track parameter resolution smearing is given by:

PFast = P’I‘ruth + DGP(L 07 Ocore; 0117 07 Utail>7 (614)

where the FTKFastSim track parameter resolution, Py, is calculated by taking the truth-
level value Pyy¢n, and smearing it by randomly sampling from the fitted double Gaussian,
DGP(L 07 O core; 0117 07 Jtail)~

6.5 Validation of FTK Fast Simulation

In order to validate FTKFastSim we compare the track resolution for each of the track
parameters against FTKFullSim. In order to do this we take all tracks in the FTKFullSim
sample, and we calculate the deviation from MC truth. The deviation is given by AP,
and is given by:

APFull = PFull - PTruth (6'15)

The distribution of AP, gives us the resolution. In order to compare to FTKFastSim
we compare the MC truth to a random sampling from the fitted double Gaussian which
parameterises the resolution. This defines AP,y and is given by:

APFast - TPTruth + DG(l, O, Ocore) 0117 07 O-tail)' (6'16)
The distributions of both simulation approaches are then directly compared for muon

and pion samples separately.

The first track parameter we compare is dy which is shown in Figure 6.10. In Figure 6.10a,
we have the muons and in Figure 6.10b we have the pion sample. For both distributions,
we have AP on the z-axis and number of tracks on the y axis. In the case of muons,
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we can see good agreement for the core distribution; however, we see that FTKFastSim
has a smaller resolution. In the case of pions, we see that FTKFullSim tends toward a
positive bias of AP, which corresponds to FTKFullSim overestimating the dj. This effect
is not captured in FTKFastSim - which creates a bump feature around zero, this effect
excluded; we see similar resolutions.
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Figure 6.10: dy FTKFullSim vs FTKFastSim comparison for (a) muons and (b) pions

The second track parameter to compare is 2y, which is shown in Figure 6.11. In the case
of muons, we see good agreement across the board in both the core and tail regions, for
pions; however, we see good agreement in the core region, but FTKFastSim produces
smaller resolutions when compared with FTKFullSim.

Next is 17 as shown in Figure 6.12 which produces good agreement with muons, however
for pions we see large deviations in the tails, where FTKFullSim has a smaller resolution
compared to FTKFastSim. Next is ¢ as shown in Figure 6.13 which produces good agree-
ment for muons and good agreement for pions in the core region, with disagreements
in the tail regions for pions. This distribution indicates that FTKFullSim has larger devi-
ations compared to truth than predicted. Finally, we have curvature, as shown in Figure
6.14 which has good agreement for muons and a distribution with disagreement in the
tails for pions.

Overall we have shown that we can implement an FTK fast simulation approach which
produces comparable track parameter resolutions, while taking a fraction of the time
to simulate. The goals of this project were met, and this work will continue to play an
important role in future hardware-based track-finding systems.
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Chapter 7

ITk Strips Digitisation

In this chapter, we focus on the phase-II upgrade work for the Inner Tracker Strips detector
(ITk strips). In the current ATLAS detector, we have a strips detector in the SCT, a core dif-
ference between the SCT and ITk is the inversion of the silicon doping and module geometry
designs. The studies in this chapter summarise the SCT digitisation methods, and answer
the question on whether the ITk can utilise the SCT digitisation software.

7.1 Phase-II Upgrade Overview

The ATLAS inner detector was designed for 10 years of operation. The operating condi-
tions were forecasted for an instantaneous luminosity of £ = 1.0 x 103 cm?s~! with a
centre-of-mass energy of 14 TeV, 25 ns between bunch crossings and an average pileup
of 23 proton-proton interactions per bunch crossing.

As early as 2016, the LHC exceeded some of these design parameters. The peak instan-
taneous luminosity in 2018 reached 2.1 x 10** cm~2s!; the centre-of-mass energy re-
mained at 13 TeV, the time between bunch crossings was 25 ns, and the average pileup
per bunch crossing peaked in 2017 at 37.8, before being reduced to 36.1 in 2018.

The HL-LHC is planned to operate at a centre-of-mass energy of 14 TeV with an average
luminosity of £ = 5x103% cm~2s~! and an ultimate extension to £ = 7.5x 1034 cm 25~ L.
This corresponds to an average inelastic proton—proton collisions of (1) = 140 per beam
crossing, with an ultimate design goal of () = 200. Over the course of 10 years, the
HL-LHC is expected to provide the ATLAS experiment with a 3000 fb~! proton—proton

collision dataset.

The current ATLAS inner detector has several hurdles which will be prohibitive for its
continued use through to the HL-LHC. The ATLAS inner detector silicon system can
tolerate a radiation fluence equivalent to an integrated luminosity of 300 fb~!, which is
consistent with an end-of-lifetime in 2023; beyond this level the intrinsic hit efficiencies
drop below the limits required for efficient pattern recognition [136][137].

The pixel detector and SCT are able to accommodate an average number of proton-
proton collisions per bunch crossing of 50, which comes in conjunction with a peak
instantaneous luminosity of 2 x 10** cm~2s~!. For an average pileup of 70 at an L1 rate
of 100 kHz much of the innermost strips barrel can not be read out due to bandwidth
saturation. In a HL-LHC scenario, the occupancy of the SCT and TRT would approach
100%, and this would diminish our track-finding efficiencies. These track finding ineffi-
ciencies will significantly affect the physics reach of the HL-LHC. The final point, which
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is prohibitive for the continued use of the current inner detector for HL-LHC conditions
is the track trigger. As it stands, the current inner detector does not provide any tracking
information to the Level-1 trigger. In the HL-LHC conditions, we will require a dedicated
hardware tracking solution. Given the designed specifications and the end-of-lifetime
approaching, the Inner Tracker (ITk) is in the process of being designed and built.

The ITk detector has been designed to accommodate the HL-LHC operating conditions.
To summarise, (i) = 200, £ = 7.5 x 103 cm~2s™! and a total proton—proton dataset
L = 3000 fb~! The layouts have evolved over time and have been modeled in Geant4
[138].
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Figure 7.1: The ITk design layout [136].

We show the current layout of a single ITk quadrant in Figure 7.1. The horizontal axis is
the longitudinal coordinate of the detector, ranging from 0 to 2800 mm. The vertical axis
is the radius r of the layer, which ranges from 0 to 1000 mm. We show the detector dis-
tribution for the ITk pixels detector in red and the ITk strips detector in blue. Important
n ranges of 1.0, 2.0, 3.0 and 4.0 are overlaid to show the number of layers a track with a
given 7 will pass through. A key design principle is maximising the tracking capability
up to 7 = 4.0. In the barrel region of both the pixel and strips sub detectors the various
sensors are arranged cylindrically around the beampipe. There are five pixel layers and 4
strips layers. The endcap regions are aligned radially, with the strips detector having six
disks and the pixel detector having a much larger number, of approximately 28 layers,
depending on your choice of 7. We show a visualisation of the ITk in Figure 7.2. The
ITk strips detector is a system which covers 2.7 units of absolute pseudorapidity, with
the barrel region extending to 1400 mm from the nominal interaction point. The endcap
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Figure 7.2: An ITk visualisation [136].

system further extends from 1512 mm to 3000 mm.The ITk strips barrel contains four
layers, with each layer consisting of paired modules. The endcap consists of 6 identical
layers. The base unit for the detector is the ITk strips module. In Figure 7.3 we show the
short strips design. The strips sensor has dimensions 97 mm x 97 mm and is attached
to the module at the base. Located above the sensor is the front-end hardware, which is
responsible for sensor readout and support services. For our digitisation work, we only
focus on the sensor. We show a schematic for a strips-based sensor technology in Figure
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Figure 7.3: A schematic for the ITk barrel modules [136].

7.4. The ITk strips detector utilises a strips sensor configuration which relies on a p-type
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float-zone silicon bulk region with thickness 300 — 320 ym. We dope the silicon bulk
with n-type silicon strips, which are covered by a SiO, dielectric layer. The n-type strips
are conductively coupled to the readout strips, which are located above the dielectric
layer. We refer to the distance between the centre of two strips as the strip pitch. In
the case of the ITk barrel modules, the strip pitch is 75.5 ym; for endcaps the situation
is more complex, as there are different types of endcap modules, with non-parallel strip
configurations. The backplane of the strips sensor is called the High Voltage plane (HV).
During operation, there are two key voltages in play across the detector. The first is the
depletion voltage. The second is the bias voltage which can be put in place to counteract
radiation damage effects. We show diagrams of these two types of voltages in Figure 7.5

Readout Strips

Strip Pitch .
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1 : P
Dielectric Layer
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-
n-type ntype = "TTTTTTTmoom- :’
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silicon bulk |
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Figure 7.4: A schematic for the ITk sensor geometry [136].

strip strip | .

Depletion voltage — Reverse
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Figure 7.5: A schematic for the sensor depletion voltage and bias voltage.

The barrel module parameters are summarised in Table 7.1. The first column numbers
each barrel layer. The second is the radius of the given barrel layer, these are 405 mm, 562
mm, 762 mm and 1000 mm. The third column states how many channels are present in
each module, with the first being 28 x 1280 and the last layer being 72 x 1280 channels.
The strip pitch for the barrels is uniform. There are two strip lengths for the barrel
systems: the short and the long. The first two layers of the ITk strips barrel utilise short
strips with a typical strip length of 24.1 mm and the second two layers use long strips
with a typical length of 48.2 mm. The final column in this table is the tilt angle, measured
in degrees, where the first layer is 11.5°, the second is 11.0°, and the final layers are 10.0°.

The endcap module parameters are more complex than the barrel modules, with their
details summarised in Table 7.2. The first column is Ring/Row, which specifies the endcap
ring and also rows from the beampipe. The second column is the inner radius of the
endcap layer; starting from 384.5 mm and extending to 907.6 mm for the final Ring
and Row pair. The strip length is a more complicated situation than the barrel case,
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which only had two types. For the endcap case strip length varies between 19.0 mm
and extends to 60.2 mm. The strip pitch is also a more complex variable where, unlike
the barrel, the strips do not run parallel. In the endcap case, we quote the average strip
pitch for a given layer, ranging from 69.9 mm to 80.7 mm. We wish to simulate the

Table 7.1: ITk strips detector barrel layout parameters [136].

Layer Radius Channels Strip Strip Length  Tilt Angle
[mm] in¢ Pitch [ym] [mm] [°]

0 405 28 x 1280 75.5 24.1 11.5

1 562 40 x 1280 75.5 24.1 11.0

2 762 56 x 1280 75.5 48.2 10.0

3 1000 72 x 1280 75.5 48.2 10.0

Table 7.2: Layout parameters for the ITk strips detector endcaps [136].

Ring/Row Inner Radius ~ Strip Length  Strip Pitch

[mm] [mm] [pim]
Ring 0 Row 0 384.5 19 75.0
Ring 0 Row 1  403.5 24 79.2
Ring 0 Row 2 427.5 29 74.9
Ring 0 Row 3  456.4 32 80.2
Ring 1 Row 0 489.8 18.1 69.9
Ring 1 Row 1 507.9 27.1 72.9
Ring 1 Row 2 535 24.1 75.6
Ring 1 Row 3 559.1 15.1 78.6
Ring 2 Row 0 575.6 30.8 75.7
Ring 2 Row 1  606.4 30.8 79.8
Ring 3 Row 0 638.6 32.2 71.1
Ring 3Row 1 670.8 26.2 74.3
Ring 3 Row 2 697.1 26.2 77.5
Ring 3 Row 3 723.3 32.2 80.7
Ring 2 Row 0 756.9 54.6 75.0
Ring 2 Row 1 811.5 54.6 80.3
Ring 2 Row 0 867.5 40.2 76.2
Ring 2 Row 1 907.6 60.2 80.5

effect of an incident charged particle on the modules of the ITk as laid out in this section.
The digitization must be fast and accurate, given its role in trigger decisions. Given the
SCT used a similar technology to the ITk strips system, our goal was to learn the SCT
digitization techniques which were implemented in the early 2000s, and to determine if
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these techniques could be transferred to the ITk sub-systems. The goal of this project is
to advise follow up teams on their digitization approaches.

7.2 'The Induced Charge Model

We now wish to take the geometry of the ITk strips detector and simulate the effect
of ionising radiation. In doing this, we explain the digitisation process which sensors
undergo in order to generate a hit in the detector. The first method we explore is the In-
duced Charge Model (ICM), and the second is a simplified digitisation model. In the way
of contrast, the ICM can be refered to as the detailed model. The ordering of these sec-
tions is to explain the dynamics first and then simplify later. The actual implementation
was inverse to this, as the ICM was developed after the simplified model.

The ICM provides a detailed simulation and digitisation model for the charge carriers
in a given sensor design. The ICM incorporates the effects of both the majority and the
minority charge carrier drift as well as carrier diffusion throughout the silicon bulk, and
also allows for a varying electric field throughout the sensor.

The ICM is a ballistic model which calculates the drift velocity of a carrier every 0.1ns
via,

Ud = ,udE:(x7y)7 (71)

where /LZ/ " is the carrier drift mobility and the sensor electric field is given by E (x,y).
The drift mobility in the simplified model is given as a single nominal value, but in the

ICM we parameterise the mobility via:

vs/ E.

1 (8B (7.2)

Hd =

where s is the drift velocity, E¢ is a critical electric field of the material. 3 is a saturation
factor. There are different 1, for electrons and holes.

The effects of diffusion are incorporated by parameterising the diffusion with a Gaussian
distribution with standard deviation,

o = V2Ddt, (7.3)
where the diffusion constant D is given by:

D = kBTud/e. (74)

In the presence of a magnetic field B, the trajectory of a carrier is rotated by the Lorentz
angle 0y, which is a function of position within the sensor, the magnitude of the magnetic
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field, temperature, and carrier mobilities. The Lorentz angle is given by:
tan 0y, = pg| B| = rpal Bl (7.5)

where (157 is the Hall mobility of a carrier and 7 is known as the Hall factor. The move-
ment of charge through the bulk induces a current on the strips. The current is present
until the charge carriers carriers recombine at the electrode they are propagating toward.
Using Ramo’s theorem [139, 140], we can calculate the induced charge over time, first
by calculating the current:

1= qvﬁv, (7.6)

where v is the instantaneous velocity of the charge carrier and £, is the weighting (or
Ramo) field. It is not the electric field. The Ramo potential is the potential associated
with the electric field F,.

In practice, the Ramo potential is calculated by setting the potential of the strip in ques-
tion to 1 V and setting all other conductive surfaces to 0 V. The Ramo potential shows
us where the current on a conductor is generated, from the presence of a charge carrier’s
motion. To calculate the drift field, we first set the HV plane to 500 V and the strips to
zero. The drift field provides the drift directions of the charge carriers throughout the
silicon bulk, minus the perturbations due to magnetic field presence.

In Figure 7.6, we show the Ramo potential for an SCT strips sensor. We calculate the
potential with a bias voltage of 150 V, a depletion voltage of 50 V and an operating
temperature of 276.85 K. The HV plane corresponds to a sensor depth of 0 pm; the
nominal SCT sensor depth also called the strip plane is located at 285 ym. The distances
between the strips are to scale, the strip pitch here is 75.5 ym. We denote the direction
perpendicular to the strips as X, and the units are ym. We show five strips either side
of the central strip. The first notable feature of Figure 7.6 is the substantial peak around
the core strip. This strip is the one with the potential set to 1 V. We see the expected
decrease of the Ramo potential as we move away from the strip plane and toward the HV
plane. Where our intuition may break down is the complex behaviour around neighbour
strips. A given charge carrier will contribute less to a neighbouring strip, as compared
to a nearby strip. We fully incorporate this effect in the ICM model.

In Figure 7.7 we shown the z and y components of the SCT drift field E. The left plot
shows F, as a function of sensor depth and relative position to a given strip’s centre
X. We can see that the electric field has a lobe feature, with high electric field strengths
for positions close to the strip itself. The right plot shows £, which has is symmetric
relative to the centre of the strip. We see the magnitude of the y component is typically
much larger than the value of the x component.

Propagating a charge throughout the silicon bulk every 0.1 ns is computationally expen-
sive, as is a continual reference to a 5 m x 5 pum reference Ramo potential and reference
electric fields; this requires constant knowledge of detector conditions, as well as the sil-



170 ITk Strips Digitisation

Ramo Potential in SCT Strips Sensor

\

1.000

250 4 \ 0.800
200 - 0.600
E >
< - 0.400 3
8 150 §
o o)
o o
S 0.200 °
C
g 100 S

0.050
0.005

0.000
—-400 -300 -200 -100 O

X [um]

Figure 7.6: The SCT Ramo potential as a function of sensor depth [um] and X pm away
from a central strip; X = 0 pm. The top of the plot contains black bands, which corre-
spond to the location of the strips. The Ramo potential is in units of Volts and is also a
function of bias voltage, depletion voltage and temperature.

Table 7.3: Summary of SCT silicon bulk properties.

Parameter Electrons Holes

v, [em/s] 153 x 10° - 7087 1.62 x 108 - 7032

Ec [Viem] 1.01. 7% 1.24 . T8

15} 2.57 x 1072 . 70:66 0.46 - TO-17

r 1.1340.0008 - (T —273) 0.72 —0.0005 - (T" — 273)

icon bulk properties of electrons and holes, as shown in Table 7.3. In order to use the
ICM model for the ITk strips system, we require the silicon bulk properties, Ramo po-
tential and drift fields to be updated. At present these quantities are hardcoded in the
SCT digitisation software package. The implementation of strip modules in the SCT digi-
tisation code requires a constant lookup for each local X and local Y positions in each
module. The ITk strips modules will need to be incorporated into the simulation. In
the SCT digitisation software there is an inherent assumption of longitudinal symmetry
along the strips themselves, and for this reason, we can not use the ICM model in the
endcaps, as the assumption of longitudinal symmetry breaks down, i.e. the strip pitch
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Figure 7.7: We show SCT E4if function of sensor depth in ¢ m and X p m relative to
the centre of the strip as shown at the top of each plot as a black band. The drift field is
in units of V/cm?®. The x component is shown in (a) and the y drift field component is
shown in (b).

is not constant. This endcap limitation was present in SCT system, and is therefore not
a new limitation for digitisation, but rather a continued one. We find we can apply the

ICM to the ITk system, we now introduce the simplified model and benchmark it against
the ICM.

7.3 Simplified Digitization Model

We now provide a description of the simplified digitisation model. A schematic of the
model is provided in Figure 7.8. The simplified model begins with a deposit of energy
in the silicon bulk. The energy deposits are assumed to in the form of a cloud of hole
majority carriers. The model divides the energy deposit based on 5 pm step sizes, called
sub-hits distributes the energy deposit across each step and from there we propagate
these divided energy deposits according to:

0y = 6z tan Oy, (7.7)

where Jy is the drift distance of the energy deposit parallel to the surface of the silicon
bulk 0z is the shift of the energy deposit toward the surface of the silicon bulk and 6,
is the Lorentz angle. The Lorentz angle is a function of temperature 7', electric field E
and carrier mobility ji4. The drift time can then be calculated as a function of sensor
properties, carrier mobility and the bias and depletion voltages. The total time it takes
for the energy deposit to drift to the strip is calculated with:

d? | ( Vs + Vb )

Lari 0z) =

(7.8)
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Figure 7.8: A schematic of the simplified model implementation for the ITk
description is provided in text.

The y motion of the carrier originating from diffusive motion and is given as:

Oyair = \/2D1qrir 02,

and

kT
D= B Md.

e

This gives us a total )y motion as given in:
oy = dztan Oy, + dyais-
We can then get a total time to readout of ;.

tiotal = Cdritt + tsurf +tTOF7
—_————
drift term

. The full

(7.9)

(7.10)

(7.11)

(7.12)

where t,,¢ is a correction for the simplified model. Once we have projected the G4 hit
to the strip we calculate the number of electron-hole pairs by calculating the energy

deposited per G4 sub-hit and then normalise to the energy required to form an

electron—
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hole pair. The total number of electron-hole pairs is given by:

e 1 1
dX Ngtep 3.626V

Npair = (713)

where 3.62 €V is the energy required to form an electron-hole pair at room temperature.
We can take the number of pairs and calculate the charge accumulated with:

Q = eNpair- (7.14)

This charge relation is the key assumption of the simplified model, as we implicitly as-
sume all the current, or charge produced on the strip is produced by incident charge
carriers and not via an electromotive force. In practice, the charge on a given strip is

Crosstalk

=== Threshold

Strength

Strip n-2 Strip n-1 Strip n Strip n+1 Strip n+2

Figure 7.9: We show a schematic of the digitisation effects in the ITk strips modules. We
show a given strip n and the adjacent strips, with a corresponding accumulated charge
for a given 25 ns window. There is a charge threshold required to be met for a strip to
register a hit, and we show the threshold in red. The electronic noise is shown in green.
A given strip n can then have an accumulation of charge which is above the threshold,
and we call this a signal. We denote the signal in blue. We show the effect of cross-talk
in yellow.

reduced by strip—strip interactions as well as strip-HV-plane interactions. This results
in reduction of charge on the target strip, and is incorporated with fe osstalks ferosstalk+1
and fyy. Typically ferosstarc corresponds to 90% with ferosstaics1 corresponding to 5%,
and fgy is approximately 93%. We show a breakdown of the various strip effects in
Figure 7.9. The total charge on a given strip is given by:

Gstrip = fcrosstalkaVQy (7'15)
Gstrip+1 = fcrosstalk—i—lfHVQ- (716)

Every 10 ns we check the charge accumulation on a given strip and if it breaches the
threshold @ihreshola of 1 fC then we say that strip has a hit. Using this method, we can
simulate the effect of incident charged particles on the ITk strips system. Once we have
implemented the digitisation, we generate MC simulation of single muon and single pion
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production using typical values of track parameters from proton-proton collisions. We
implement the ITk geometry and validate the geometry.

7.4 Validation and Conclusions

In order to validate the implementation of the ITk geometry, we look at the (z, y) position
of each hit in our simulation of the ITk inner detector. When we do this, we see that the
(x, y) position traces out the geometry of the ITk. Given the agreement between Figure
7.10 and Table 7.1, we can be confident the geometry has been implemented correctly.
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Figure 7.10: The geometry of the ITk strips detector as traced out by the (z,y) position
of each track in our simulation. This is a good cross-check for our geometry implemen-
tation.

Next, we wish to compare the reconstructed track quantities between the simplified and
ICM simulations of the ITk strips digitisation. We split the validation between the two
models into different sectors, the first sector being the barrel of the detector and the
second being the end caps. As discussed earlier, the ICM model makes an assumption
of a longitudinal symmetry along the sensor module. As the endcap’s strip pitch varies
radially, the ICM can not be used here. Given the limitations of the ICM model, we only
compare the two models in the barrel sectors.

The quantities we wish to compare are the widths of the cluster hits, called the cluster
width. In Figure 7.11, we show the cluster widths for the simplified and the ICM mod-
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els. We see that the simplified digitisation approach produces approximately 20% more
single hit clusters, and the ICM model produces more two to four-hit wide clusters than
the simplified. Ultimately the larger the cluster width, the better agreement between
the simplified and ICM models. It is reassuring that the two methods produce similar
behaviour for the most complex detector situations.
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Figure 7.11: Cluster widths of tracks using simplified vs induced charge model.

In Figure 7.12, we have a number of track parameters for the incident particles on simu-
lated ITk geometry. We see that for all track parameters, the simplified and ICM method-
ologies produce nearly identical results. We see that the reconstruction of a given track
does not depend on the choice of digitisation procedure. We do see that the reconstructed
track x? has a distinctly different shape, with the simplified model producing tracks with
smaller 2.
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els for dy, 2o, 0, ¢, 1/2p and 2. We find good agreement between the two models for
the track parameters, with a difference of shape for 2



Chapter 8

Concluding Remarks

The work contained within this document represents a broad summary of my contribu-
tions to the ATLAS collaboration. The four core topics central to my thesis were: the
search for supersymmetric electroweak production; a measurement of the Higgs boson
production cross-section; the development of FTK fast simulation; and finally, charac-
terising the ITk strips digitisation implementation.

In the search for supersymmetric electroweak production, I provided a full overview of
the full run-II excess follow up for the recursive jigsaw electroweak search for chargino-
neutralino production with two lepton and three lepton final states. I provided a detailed
overview of the background estimation methods, including a data-driven background es-
timation technique known as the ABCD method. Using the ABCD method, we were able
to provide a robust estimate of the Z+jets background contribution, which was dominant
in our 2¢ signal regions. Ultimately I determined that the observed number of events was
in good agreement with the expected background estimates. I presented the results in
terms of model-independent limits for each of the four signal regions defined in our
analysis.

In the measurement of the gluon-gluon fusion Higgs boson production cross section via
H — WW?* — evuv,Ihighlighted the work undertaken to get a data-driven estimate
of the b-tagging efficiency. The analysis was very dependent on the b-tag efficiency
systematic and I was able to implement a method which significantly reduced this de-
pendency. I then summarised the full run-II combined measurements, which represents
the culmination of many years of hard work by the ATLAS collaboration.

In the FTK fast simulation project, I introduced the FTK and then provided an overview
of the FTK hardware implementation. I described the CPU intensive full simulation and
its full implementation. I finally introduced the fast simulation approach to parameteris-
ing the resolution of full simulation on individual tracks. I detailed the methodology and
finally provided benchmarking of the fast simulation method against the full simulation
method.

The final project explored the implementation of the SCT digitisation software for ITk
purposes. In pursuing this goal, I provided a detailed overview of the geometry of the
ITk strips detector and individual modules and strips. I then introduced the induced
charge model and a time-of-flight based simplified model. I introduced vital concepts
such as the Ramo potential and drift field, which was core to the software implementa-
tion. I found that the Induced Charge Model can not be applied to the endcaps of the
ITk strips due to variable strip pitch. I found the simplified and induced charge models
reconstructed track parameters had a strong agreement and determined that the bottle-
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neck for applying the SCT digitisation code to the ITk strips detector is not the model,
but rather the implementation of the ITk’s different strip geometries.

These projects act as a summary of some critical directions forward for the ATLAS col-
laboration. For ATLAS to remain successful, we must continue to innovate to extract the
maximum amount of information from the full Run-II, and future Run-III dataset. Con-
currently, we must invest time into our core upgrade projects. These projects represent
the future of the collaboration; they will take high energy particle physics into the 2030s
and continue inspire to thousands of aspiring physicists.
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