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Abstract

There are good reasons to anticipate that the Standard Model (SM), successful as it is, will
nonetheless give way to a more complete description of particle interactions. New physics
scenarios beyond the SM often address its key shortcomings through extended gauge sym-
metries with the implied existence of additional massive bosons. The dilepton final state is
a particularly clean experimental channel to explore for new heavy resonances, as was the
case for SM discoveries of the 1970’s and 80’s. This thesis presents a search for high-mass
dilepton resonances using the full dataset collected by the ATLAS detector during Run
2 of the LHC. The analysis targets the invariant mass spectrum of an inclusive selection
of dielectron and dimuon events with some of the highest energies reported by ATLAS.
Prompted by the unprecedented statistical precision of the dataset, the results are based on
a new approach for estimating the SM backgrounds using a functional form fit. While no
significant excess is observed, the resulting upper limits on the cross section for production
of a dilepton resonance are used to constrain the parameter space of models that predict
new bosons coupled to leptons. For example, the existence of a Sequential Standard Model
Z ′ boson is excluded for pole masses below 5.1 TeV. Updated bounds are also derived for
the mass and leptonic couplings of a hypothetical spin-1 dark matter mediator.

Keywords: particle physics; LHC; high-mass resonance; grand unification theory; dark
matter
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There once was a detector called ATLAS
Its electron reconstruction was flawless
One pair in nine hundred thousand
It past 4 TeV founded
But no sign of Z ′ – alas!
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Chapter 1

Introduction

Notwithstanding the astonishing development of subatomic physics over the past 120 years,
there is today no shortage of outstanding questions. What is the nature of dark matter?
What leads to the fundamental forces having such disparate strengths? Can we explain the
small mass of the Higgs boson apart from finely-tuned model parameters? These are among
the questions that form a broad motivation to continue investigating new physics scenarios
beyond the Standard Model (SM). Several theoretical solutions propose an extended gauge
symmetry group beyond the SM, and hence predict the existence of additional massive
gauge bosons. This thesis details the latest search for a new neutral boson producing the
particularly clean dilepton final state – two high energy leptons1. Notably, the search was
conducted using the latest “full Run-2” dataset collected by the ATLAS detector at the
world’s highest-energy particle accelerator complex: the Large Hadron Collider (LHC).

The dilepton final state has historically been an important channel for discovering
new particles. Its characteristic observable of the dilepton invariant mass m`` is fully-
reconstructable and able to resolve resonances of new particles acting as neutral mediators.
The dimuon invariant mass spectrum reconstructed from one of the earliest datasets col-
lected by ATLAS in 2011 [2] reveals in clear succession the resonances first of the J/ψ and
Υ mesons discovered in the 1970’s [3, 4, 5] and then the electroweak Z boson discovered in
1983 [6]. This early dataset was used for the first search by the ATLAS Collaboration for
new dilepton resonances with masses beyond the Z peak back in 2011 [7]. In the summer of
2015, following significant upgrades, the LHC turned on again with an over 50% increase in
collision centre-of-mass energy from

√
s = 8 TeV to 13 TeV. The resulting extended reach in

mediator mass prompted new iterations of the search for dilepton resonances using first 3.2
fb−1 of data [8] and then 36.1 fb−1 in 2017 [9]. The analysis strategy for both partial-Run-2
publications was very similar.

Upon finding no significant indications of a new dilepton resonance, the analysis team
took some time to restructure instead of simply repeat the same analysis strategy for the

1In the context of the dilepton analysis, “leptons” refers to electrons and muons.
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full Run-2 dataset. Something which was made apparent by the higher data rates in Run 2
was the challenge of producing sufficiently large simulated samples of the dominant dilepton
background processes. In the 2017 analysis, the suboptimal statistical precision of simulated
samples was seen to directly reduce the search’s sensitivity, particularly at low mass where
signals with small cross sections would be partially obscured. Yet with

√
s more or less

fixed in the coming LHC runs, the growing dataset size will be the main driver of increased
experimental sensitivity. Hence the full Run-2 analysis was the golden opportunity to deploy
for the first time a data-driven strategy for analysing the dilepton invariant mass spectrum.
In this approach, the data are used to directly constrain the shape of a functional form-based
background estimate after having been validated against the simulated SM background
distributions. A good deal of chapter 8 is devoted to this procedure.

Another aspect of the restructuring aimed to streamline the interpretation of analysis
results by the wider high energy physics community, ensuring a lasting impact for the full
Run-2 legacy paper. This motivated the shift to a statistical analysis based solely on a
generic, parametric signal model. To ensure applicability to a wide range of specific models,
upper limits were set on the generic signal cross section within a well-defined fiducial volume
to effectively sidestep model-dependent features. The procedure for reinterpreting these
generic upper limits into specific scenarios was demonstrated for two use cases published
together with the analysis and in a follow-up dark matter mediator interpretation. The
resulting exclusions obtained for these three scenarios are discussed in chapter 9.

Despite its significant technical and methodological changes, the revamped dilepton
analysis proceeded efficiently. So much so that figures from the preprint presented at the
137th LHCC Meeting in February 2019 became the first public results using the full Run-2
ATLAS dataset, less than three months after the LHC shutdown. Just days prior to this
release, the results were updated to incorporate the brand new estimate of 139 fb−1 as the
full Run-2 integrated luminosity (a number which has since been validated). Since then,
the analysis results have been featured in many conference talks and also reinterpretations
outside of ATLAS – a synopsis is provided in the summary of this thesis. The final paper
published in Physics Letters B in September 2019 [1] is the work at the heart of this thesis.

This thesis begins by setting the theoretical backdrop of physics at the LHC (chapter
2) and the reasons for expecting physics beyond the SM (chapter 3). Chapter 4 is an
overview of the experimental setup, i.e. the ATLAS detector. The process of reconstructing
high-momentum electrons and muons in ATLAS is discussed in more detail in chapter 5.
The selection criteria behind the m`` spectrum and the modelling of detector m`` response
is discussed in chapter 6. Chapter 7 focuses on the estimate of background contributions
from misidentified electrons. Finally, chapter 8 sets up the statistical analysis approach and
shows the results, and chapter 9 draws out the implications of those results for three signal
scenarios.

2



1.1 Analysis strategy synopsis

The following synopsis is put here as an easy reference for the reader while moving through
the chapters describing the analysis in detail.

The analysis of the dilepton invariant mass (m``) spectrum in the ATLAS full Run-2
dataset is illustrated in figure 1.1. The analysis pipeline begins with the code which applies
object (i.e. lepton) and event selection criteria to the data and the MC background samples
to produce templates for the analysis (section 6.3). Ultimately the data template is used
to directly constrain the shape of a functional form used as a background estimate (figure
8.6). This, combined with the generic signal model, is the basis for the statistical analysis
resulting in p-value scans and cross section upper limits (section 8.4).

Object & event selection

Statistical  
analysis

Fake electrons estimate

Reinterpretation

Data templatesMC templates

Transfer functions

Acceptance x efficiency
Smooth bkg template

Generic signal model

Functional form bkg estimate

p-value scans

Generic xsec limits

Spurious sig estimate

Systematics

Benchmark Z’ mass limits

HVT coupling exclusions

DM mediator exclusions

Modelling

Figure 1.1: Schematic overview of the strategy used to analyse the full Run-2 dilepton
invariant mass spectrum. “bkg” and “sig” refer to background and signal.

Modelling of the selected m`` distribution plays an important role both in validating
the functional form background estimate and in deriving the generic signal model. The
MC templates of the dominant SM background (Drell-Yan) are the basis for modelling the
acceptance times efficiency and the m`` response via transfer functions (section 6.6). The
generic signal model is obtained by convoluting a Breit-Wigner resonance with the transfer
functions (section 6.6.4). Similarly, a convolution kernel involving the transfer function is
used to smooth a MC background template used to gauge/optimize the functional form

3



fit performance before using it on data (sections 6.6.3 and 8.2.3). The smooth background
template also includes an estimate of the smallest background process coming from fake
electrons (chapter 7).

The final stage of the analysis produces bounds on specific signal models by reinterpret-
ing the cross section limits obtained for the generic signal model (chapter 9). This boils
down to overlaying predicted and observed cross sections within a common fiducial volume
and obtaining a smooth exclusion from the points where they intersect.
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Chapter 2

Theoretical backdrop

2.1 Introduction to the Standard Model of particle physics

The most complete and experimentally successful framework to date for describing the
properties of fundamental particles and their interactions is known as the Standard Model
(SM). The SM is a theory of interacting quantum fields, both bosonic and fermionic. Cru-
cially, the mathematics describing their field dynamics are expressly invariant under a set
of transformations. For the SM these include not only Lorentz transformations but also
internal transformations generated by elements of the following three symmetry groups:

GSM = SU(3)c︸ ︷︷ ︸
strong

×SU(2)L × U(1)Y︸ ︷︷ ︸
electroweak

(2.1)

The subscripts identify the groups with their corresponding conserved quantum numbers
of color, weak isospin (Left-chiral), and hypercharge Y . The threefold symmetry group
structure of the SM represents three of the four known fundamental forces1. What is no-
tably absent is a description of the most familiar fundamental force – gravity. The other
fundamental force operative on macroscopic systems – electromagnetism – is formulated
in the SM in close connection with the less intuitive weak nuclear force. To appreciate
this, it is important to recall how historically, the individual forces of electricity and mag-
netism had been harmonized through Maxwell’s equations. So the SM further extends this
paradigm, demonstrating how in more complicated way, electromagnetism itself emerges
from a common interaction shared with the weak nuclear force. This electroweak interac-
tion is described in (2.1) by the symmetry group product SU(2)×U(1). Finally the strong
nuclear force enters independently through the SU(3) group.

There are three types of quantum field contained in different sectors of the SM as shown
in table 2.1: fermions (comprising leptons and quarks), gauge bosons, and the Higgs field.

1It is curious that groups with degrees of “3, 2, 1” should underlie such a fundamental description of
nature. Chapter 3 outlines how the SM symmetry groups could potentially unify at high energies.
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Sector Spin Field Species Q = Y + T3 SU(2)L SU(3)c

Fermion 1/2 spinor

lepton

generation
chirality I II III (anti-)  particle

L
+1 −1

2
1  (0)? 0

R +1 −1 1

quark

L
−2/3 +2/3

2

3
+1/3 −1/3

R
−2/3 +2/3

1
+1/3 −1/3

Gauge 
boson 1 real vector

B 0 1 1

W 3 1

g 0 1 8

Higgs 0 complex 
scalar H 2 1

( μ
νμ)L( e

νe)L ( τ
ντ)L

(u
d)L (c

s)L ( t
b)L

eR μR τR

uR

dR

cR

sR

tR
bR

+1
0

−1

(+1
0)

Table 2.1: Field content of the Standard Model prior to electroweak symmetry breaking.
The quantum numbers Q, Y , and T3 refer to electric charge, hypercharge and weak isospin,
respectively. Subscripts L and R label the chirality of a state. The question mark for an-
tineutrinos signifies that the Dirac vs. Majorana nature of neutrinos is not yet known.

The wavefunctions representing these three types of field assign to each point in spacetime a
value that is either spinor, vector, or (complex) scalar. Elementary particles can be thought
of as quantized excitations of these fields.

In constructing a viable theory of fundamental interactions such as the SM, two concepts
are foundational: the principle of least action and the requirement of Lorentz and local gauge
invariance. The principle of least action asserts that the predominant behaviour of a physical
system corresponds to the trajectory which minimizes the time-integral of its Lagrangian.
The full Lagrangian of the system is therefore sufficient to capture its entire dynamics. For
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the SM the Lagrangian (density) can be written in the following condensed form2:

LSM =− 1
4G

k
µνG

k µν − 1
4W

a
µνW

aµν − 1
4BµνB

µν

+ψf (iγµDµ −mf )ψf

+ (Dµφ)†Dµφ+ µ2φ†φ− λ2

2 (φ†φ)2 (2.2)

where the gauge indices a and k run from 1 to 3 and from 1 to 8, respectively. The first line
comprises the kinetic and self-interaction terms of the strong and electroweak gauge vector
fields which are represented by their field strength tensors Gkµν and W a

µν , Bµν respectively.
The term of the Lagrangian in the second line gives rise to the Dirac equation for fermion
spinor fields ψf , where the 4-gradient operator ∂µ has been replaced by the covariant
derivative Dµ (the mass term will be discussed in section 2.2.3). The last line includes
the kinetic, gauge-interaction (via Dµ), and potential terms of the Higgs complex scalar
field doublet φ. The parameters µ and λ in the potential are discussed in section 2.2.3. The
covariant derivative Dµ represents a local modification of the spacetime gradient by the
presence of gauge fields, to preserve local gauge invariance of the Lagrangian. It is through
this connection that gauge fields interact with fermions and the Higgs field:

Dµ{ψf ,φ} =
[
∂µ −

φ︷ ︸︸ ︷
ig′Y Bµ︸ ︷︷ ︸
ψ 6=ψRν

−igwT3W
a
µσ

a︸ ︷︷ ︸
ψ=ψL

−igsAkµλk︸ ︷︷ ︸
f∈quarks

]
{ψf ,φ} (2.3)

Here, Akµ are the gluon fields, and σa and λk are generators of the SM gauge groups,
to be discussed (table 2.2). The couplings denoted by g’s determine the strength of the
gauge interactions. The constants Y and T3 are the hypercharge and weak isospin quantum
numbers of the fields which are related to the electric charge Q as follows:

Q = Y + T3 (2.4)

This relationship is a consequence of electroweak symmetry breaking (section 2.2.3).
The second foundational concept, the requirement of Lorentz and local gauge invariance,

determines which terms are allowed in a Lagrangian. According to Noether’s theorem, such
symmetry requirements are equivalent to statements that certain quantities remain con-
served in the system. For example, the symmetry (or invariance) of a Lagrangian under
spacetime translations implies that the resulting dynamics will conserve energy-momentum.

2Lagrangian “density” must be integrated in all four spacetime dimensions to get the action. This form
admits some major caveats and simplifications: it is shown prior to electroweak symmetry breaking (except
for fermion mass term placeholder), Higgs and fermion doublet structures are condensed, fermion species
and chiralities are lumped together, and neutrino Dirac mass terms are implicitly included.
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Gauge symmetry, on the other hand, ensures that particle interactions will conserve the cur-
rents associated with the corresponding gauge field (implying e.g. conservation of electric
charge for the photon gauge field). Gauge theories are very successful at describing the
fundamental forces in the SM – a realization partly due to ’t Hooft and Veltman [10] who
demonstrated that they are renormalizable also in the non-Abelian case (1999 Nobel Prize).

The central role of mathematical symmetry groups, then, is to encode the sets of trans-
formations which leave the Lagrangian unchanged. The canonical example is that of a global
phase shift applied to a wavefunction, corresponding to a U(1) transformation applied uni-
formly in spacetime. Since only relative phase differences are measurable (and thus physical),
the dynamics of the system should be unaffected by this shift. In the case at hand, the SM
Lagrangian is constructed to be invariant under the set of infinitesimal transformations
generated by members of the three groups comprising 2.1. And unlike the simple example
above of a global phase shift, gauge invariance is required for spacetime-dependent (local)
transformations.

In accord with these symmetry demands, the SM fields are constructed to have definite
transformation properties (e.g. Lorentz-covariant) such that they can be combined to form
the invariant terms in (2.2). The spinor, vector, and scalar fields in table 2.1 reflect this
property for Lorentz transformations. Similarly, for gauge transformations fermions come
in multiplets of the symmetry group while gauge bosons are identified with the group
generators. In terms of their representations of GSM, arranged as (c, L)Y , the SM fermion
fields are arranged as follows ([11], §94):

{QL, uR/dR, L, `R} =
{

(3,2) 1
3
, (3,1)− 4

3/
2
3
, (1,2)−1, (1,1)−2

}
(2.5)

where QL are left-handed quark doublets, uR/dR are right handed quarks, L is the left-
handed lepton doublet and `R does not include right-handed neutrinos. Note that the quark
and lepton fields have different representations depending on their chirality (L or R), as
explained in section 2.2.2. The three types of field in the SM experience infinitesimal local
gauge transformations differently, as follows:

Fermion, Higgs : {ψf ,φ} → {ψf ′,φ′} = ei
q
2ω

a(x)Ta{ψf ,φ} (2.6)

Gauge boson : Aaµ → Aaµ
′ = Aaµ − ∂µωa(x) + fabcωb(x)Ac (2.7)

where the T a are the set of generators of a symmetry subgroup of GSM (equation 2.1). The
variables ωa(x) parameterize the infinitesimal rotations in the basis of the generators and
are in general spacetime-dependent (i.e. local). The structure constants fabc are traceless
antisymmetric tensors which result from the commutation of the generators as shown in
table 2.2. In the case of the Abelian group U(1), rotations are generated by a single complex
phase (which is a function of spacetime) and hence commute.
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Group Generators Commutation relation

U(1)
SU(2)
SU(3)

T = 1
T a = σa , a = 1 . . . 3
T k = λk/2 , k = 1 . . . 8

[T, T ] = 0 (2.8)[
σa, σb

]
= 2iεabcσc (2.9)[

T k, T l
]

= ifklmTm (2.10)

Table 2.2: Generators in the fundamental representation of Standard Model gauge groups
and their commutation relations. σa are the 2 × 2 Pauli matrices and λk are the 3 × 3
Gell-Mann matrices. For the non-Abelian groups the structure constants εabc and fklm are
arrays of real numbers that are traceless and fully antisymmetric under index permutation.

2.2 Electroweak theory

2.2.1 Quantum Electrodynamics

In the 1920s quantum mechanics came of age through its successful description of electro-
magnetic bound states in the context of simple atoms. Two decades before, the new theory
of special relativity had since established Lorentz invariance as a property of natural law,
specifically in the context of electromagnetism. These two developments first converged in
Dirac’s formulation of a relativistic matter-wave equation for electrons in 1928 [12]. This
first step toward the theory of Quantum Electrodynamics (QED) was a milestone in the
physics of particle interactions which are both small (quantized) and fast (relativistic). And
the theoretical groundwork along the way laid the foundation for quantum field theories of
weak and strong nuclear interactions ultimately underpinning the SM.

The QED Lagrangian describing interactions of an electrically-charged fermion field
ψ(x) mediated by the photon (4-)vector field Aµ(x) = (Φ, ~A) is the following:

LQED = ψ(iγµ∂µ −m)ψ + qψγµψAµ −
1
4FµνF

µν (2.11)

Fµν ≡ ∂µAν − ∂νAµ (2.12)

where γµ are four 4 × 4 matrices constrained to satisfy the anticommutation relation
{γµ, γν} = 2ηµν14×4. Though not unique, a popular basis for these gamma matrices is
the Dirac-Pauli representation where they can be expressed in terms of the three Pauli
matrices ~σ:

γ0 =
(
I 0
0 −I

)
, γi =

(
0 σi

−σi 0

)
(2.13)

The middle term in (2.11) describes interactions between fermions and photons. The last
term, quadratic in derivatives of Aµ is the kinetic energy term for the photon field. This form
is the gauge- and Lorentz-invariant trademark of a Yang-Mills theory. The QED Lagrangian,
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with the full gauge-covariant derivative, is directly incorporated into the SM – however in
(2.2) the field Aµ is shown in terms of its two basis fields prior to electroweak symmetry
breaking (discussed in section 2.2.3). Applying the principle of least action to the QED
Lagrangian leads to the following Euler-Lagrange equations of motion for the fields ψ and
Aµ:

Dirac equation: (iγµDµ −m)ψ = 0 , Dµ ≡ ∂µ + iqAµ (2.14)

Gauss’s, Ampere’s law: ∂µF
µν = qj ν , j ν ≡ ψγνψ (2.15)

where j ν is the 4-current comprised of charged fermion fields. The homogenous Maxwell’s
equations follow as a consequence of the field strength tensor differential properties. For each
fermion species there exists a minimal basis of four plane wave solutions to (2.14) which can
be understood as spanning the combinations of left/right chirality and particle/antiparticle
states. They are the product of a 4-component spinor and the plane wave:

ψ(x) =
[
u(p)
v(p)

]
eipµx

µ (2.16)

where the bispinors satisfy the linear system[
u

v

]
= ~σ · ~p

[
1/(E −m) 0

0 1/(E +m)

] [
v

u

]
(2.17)

This ensures that the solutions satisfy the relativistic energy-momentum relation:

E2 = ~p · ~p+m2 (2.18)

It is important to differentiate the four column indices of ψ in (2.16) from Lorentz in-
dices; spinors contract with their adjoints ψ ≡ γ0ψ† to form objects with definite Lorentz
transformation properties, for example the vector combination ψγµψ.

In the canonical approach, the quantization of (fermion) boson fields results from re-
quiring the fields to (anti)commute with their conjugate fields according to[

Aµ(~x, t), Ȧν(~y, t)
]

= −i~ηµνδ(3)(~x− ~y) (2.19){
ψm(~x, t), ψ†n(~y, t)

}
= δmnδ

(3)(~x− ~y) (2.20)

with all other combinations vanishing3. Equation 2.19 is analogous to the operator com-
mutation in the Heisenberg uncertainty principle. For fermion fields it turns out the anti-

3Also, δ(3) and δmn denote the 3-dimensional Dirac and the Kronecker delta functions, respectively, and
ηµν is the Minkowski spacetime metric.
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commutator is needed for a causal ordering, related to the underlying difference in fermion
vs. boson statistics. Expanding the fields in a basis of momentum space eigenstates and
imposing these conditions generates an algebra of creation and annihilation operators for
both fermion and photon states. This leads to the interpretation of ψ and Aµ as quantized
fields and the ability to calculate scattering matrix elements between incoming and out-
going particle states (discussed further in section 2.4.1). Historically the QED calculation
of the electron g factor to increasing orders of the fine structure constant α was an early
confirmation of the theory. To date g remains the most precise prediction of the SM, with
state-of-the-art experimental measurements and QED calculations agreeing to within less
than one part per ten billion [13].

2.2.2 Weak interactions

Following its success in QED, quantum field theory offered a framework for describing weak
nuclear interactions. Much of the field theory developed for QED can be analogously derived
for weak interactions but needs to incorporate the following key differences:

• non-Abelian gauge group

– three mediators instead of one

– self-coupling of mediators

• massive mediators

• chiral theory

The latter two features of the theory of weak interaction were required by experimental
observations. The earliest weak processes studied (e.g. beta decay and muon decay) were
unlike electromagnetic processes in that they altered the particle species. Specifically, weak
interactions of leptons produced a species of particle with zero electric charge later identified
as the neutrino. Furthermore, the outgoing neutrinos always exhibited the same chirality
and hence their production processes violated parity symmetry. Considering their rates
compared to electromagnetic ones, weak interactions had evidently smaller cross sections.
While the name weak interaction is therefore fitting, it is potentially misleading as to the
origin of the small interaction cross sections. Indeed the weak force is about ten thousand
times smaller than electromagnetism at low energies, yet its intrinsic coupling strength
αw = g2

w/4π is actually nearly five times larger. In fact the relative smallness of weak
interactions comes about because it is mediated by massive bosons, often much heavier than
the energy scale of the interaction. As a consequence, the characteristic length scale of weak
interactions is limited to ∼ 10−3 fm. Before the weak bosons were discovered, their masses
needed to explain the weak force were substantially higher than any fundamental particle
yet observed. Historically, then, the gauge theory of weak interactions was predicated on
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the existence of particles which were on the one hand too fleeting (neutrinos) and on the
other hand too massive (weak bosons) to be experimentally confirmed. Remarkably, in time
both particle ingredients were discovered, setting a precedent for the SM that solidified the
hope of likewise discovering the Higgs boson.

In the SM, the weak interaction is structured around the group SU(2)L. Its generators,
the three Pauli matrices σa, are embodied in the fundamental vector (i.e. Lorentz-indexed)
gauge fields to form the weak field strength tensor which is contracted in (2.2) à la Yang-
Mills:

W a
µν = ∂µWa

ν − ∂νWa
µ + gwε

abcWb
µWc

ν , Wa
µ ≡ σaWµ (2.21)

The weak isospin index a runs over the three generators, and εabc is the Levi-Civita per-
mutation symbol. This is in contrast to the electromagnetic field strength tensor (2.12)
arising from the single U(1) generator. Another difference is the presence of a third term
arising from the nonzero SU(2) commutation relation (table 2.2) – effectively an isospin
cross-product of theWµ fields. What is therefore apparent is that the contractionW a

µνW
aµν

in equation (2.2) will contain terms to the third and fourth power in Wµ. These correspond
to self-interaction processes of the weak vector bosons involving no fermions – something
not exhibited by photons.

The “L” subscript of the weak symmetry group refers to the fact, deduced solely from
empirical observations [14], that weak interactions only take place between left-chiral par-
ticle fields and between right-chiral antiparticle fields. Spinor states of definite chirality are
defined as the two eigenstates of the γ5 matrix operator:

γ5 ≡ iγ0γ1γ2γ3 =
(

0 12×2

12×2 0

)
(2.22)

with “right” corresponding to the +1 eigenvalue and “left” to the −1 eigenvalue. The weak
force only couples to the projection of (anti-)fermion states onto the (R)L chirality eigen-
state, which is achieved using the following operator:

PL/R ≡
1∓ γ5

2 (2.23)

This implies, for example, that the weak decay of a muon, µ− → νµ+e−+νe, will take place
for a muon in the left-chiral state but not for one in the right-chiral state. This observation
for weak interactions is known as maximal parity violation – the weak current couples not
only preferentially, but exclusively to left-chiral fermion fields (or right-chiral antifermion
fields).

Intuition for the physical difference between states of left and right chirality can be
gained by considering the massless limit. In this limit, a particle’s helicity – the projection
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of its spin onto its momentum – becomes equivalent to its chirality. Therefore, a massless4

fermion which is fully in the right-chiral eigenstate is one which has its spin and momentum
vectors oriented in the same direction (and for left-chiral states in the opposite direction).
Spin and momentum are both directional degrees of freedom that are possessed by fermions
which explains why they have the property of helicity despite being point-like objects.

The left-chiral fermion fields projected out using PL/R transform as weak isospin dou-
blets of SU(2) and the right-chiral ones as singlets. The SM quarks and leptons are therefore
grouped as follows:

L = 1
2(1− γ5)

(
ψν`
ψ`

)
≡
(
ν`

`L

)
, `R ≡

1
2(1 + γ5)ψ` , ` ∈ {e, µ, τ} (2.24)

Q = 1
2(1− γ5)

(
ψu

ψd

)
≡
(
uL

dL

)
, uR/dR ≡

1
2(1 + γ5)ψu/d ,

u ∈ {u, c, t}d ∈ {d, s, b}
(2.25)

Currents j µ a for weak interactions are therefore sourced exclusively by contractions be-
tween the fermion doublets L and Q and their adjoints:

j µ a = ψ
1
2(1 + γ5)︸ ︷︷ ︸
L,Q

γµσa
1
2(1− γ5)ψ︸ ︷︷ ︸

L,Q

= ψγµ
(1− γ5

2

)
σaψ (2.26)

using the gamma matrix anticommutation relations and the identity γ5γ5 = 1. Compared to
the vector coupling (γµ) in the QED current (2.15) there is in (2.26) the subtraction of the
axial-vector component: (γµ−γµγ5). This is the so-called V −A theory of weak interactions.
In addition, the three possible rotations by the group generators σa lead to a collection of
weak vertices – both those that are electrically neutral (e.g. ν−ν and uL−uL) and those
that are charged (e.g. ν`−`L and uL−dL).

The Lagrangian for SU(2)L × U(1)Y can now be written in terms of the chiral fermion
fields, their minimal couplings to the gauge fields, and the Yang-Mills gauge kinetic terms:

L =L(i/∂)L+Q(i/∂)Q+ `R(i/∂)`R + uR(i/∂)uR + dR(i/∂)dR
+ gwW

a
µ j

µ a + g′Bµj
µ

− 1
4W

a
µνW

aµν − 1
4BµνB

µν (2.27)

4For massive spinors, helicity becomes a Lorentz frame-dependent quantity and is therefore different from
chirality. On the other hand, the chirality state of a massive fermion propagating freely evolves in time ([15],
p. 12).
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where /∂ ≡ γµ∂µ. What is missing here are mass terms for the fermions and gauge bosons.
For fermions, mass terms “crossover” between left- and right-chiralities,

fermion mass term: −mψψ = −m(ψLψR + ψRψL) (2.28)

and are therefore not invariant under SU(2)L transformations. But fermion masses clearly
exist in nature, so their inclusion in the SM as well as weak gauge boson masses is imperative.
The mechanism for doing so in a gauge-invariant way is the subject of the next section.

2.2.3 The Brout-Englert-Higgs mechanism

The SM gauge theory of weak interactions hinges on a field-theoretic mechanism revealed
through the overlapping work of Brout together with Englert and of Higgs in a series of 1964
papers [16, 17, 18]. What is often called the BEH mechanism explains how gauge bosons
can acquire non-zero mass in systems which undergo gauge symmetry breaking. Note that
the acronym “BEH” fails to acknowledge the work done in parallel by Guralnik, Hagen, and
Kibble [19] also in 1964. Moreover, core ideas behind the BEH mechanism were introduced
already in 1963 by Anderson [20] in the context of superconductivity.

In the QED Lagrangian (2.12), the demand of local U(1) gauge invariance is satisfied
because of the added gauge field kinetic and interaction terms (in that case, of the photon).
This procedure also works in QCD for local SU(3) invariance where the corresponding gluon
fields are likewise massless. However, when attempting to couple fermion fields to the weak
gauge bosons, the term ∝ m2WµW

µ which enters as part of the Proca Lagrangian describing
a vector field, does not vanish as for the photon or gluon. The problem is that this mass
term spoils gauge invariance under the transformation (2.7). In fact, a similar problem is
encountered by the fermion mass terms (∝ ψψ) since they are not invariant under local
SU(2) transformations. The nonzero masses of leptons and the expected large masses of
the weak force mediators therefore presented a dilemma in the early developments of the
SM. The solution was realized by incorporating the BEH mechanism in a unified model
of electroweak interactions for which Weinberg, Glashow, and Salam (GWS) were later
awarded the 1979 Nobel Prize. Their work predicted the existence of a neutral current
associated with the weak interaction which was observed at CERN in 1973 [21]. About a
decade later the Z0 boson mediating this neutral current was also discovered [6]. The GWS
theory uses the BEH mechanism to explain why the weak gauge bosons have large masses
and how the photon ends up being massless while still deriving from the same electroweak
symmetry group.

Spontaneous symmetry breaking

The unitarity (and thus validity) of the electroweak gauge theory requires that its La-
grangian exhibit SU(2) × U(1) symmetry, but it turns out there is an auxiliary way to
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realize a breaking of this symmetry in order to accommodate the mass terms. Spontaneous
symmetry breaking occurs when a system’s ground state breaks a symmetry exhibited by
its Lagrangian. The Higgs field φ plays precisely this role in the SM where it is introduced
as a weak isospin doublet of complex scalar fields:

φ(x) =
(
φ+

φ0

)
= 1√

2

(
Re φ+ + iIm φ+

Re φ0 + iIm φ0

)
(2.29)

where the superscripts denote the electric charge of the components Q = 1/2 ± 1/2. The
SM Higgs field therefore comprises four degrees of freedom. It is constrained by a “Mexican
hat” potential V (φ) which, as required, is manifestly SU(2)× U(1) symmetric:

LHiggs = (Dµφ)†Dµφ− V (φ) , V (φ) ≡ −µ2φ†φ+ λ2

2 (φ†φ)2 (2.30)

for some real parameters µ and λ. It is possible to visualize the shape of V (φ) by plotting
it on the complex plane of only one of the fields in the doublet, as shown in figure 2.1.
Then the symmetry about the z-axis represents the group U(1) of complex phase rotations.

Figure 2.1: Plot of the “Mexican hat” potential for a single complex scalar field φ. The local
maximum at the origin is clearly unstable against small perturbations and thus gives way
to a nonzero vacuum configuration at some point along the circular gutter. For the SM it
resides at v = 246 GeV as shown.

For a gravitational analogy, the ball placed on the z-axis in the figure shows how φ = 0
is clearly not a stable vacuum configuration. Instead, responding to quantum fluctuations,
the field will equilibrate to a nonzero vacuum expectation value (VEV) somewhere along
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the circular gutter with radius v ≡ µ/λ (shown by the second ball). So while the potential
itself is constructed U(1)-symmetric, any particular choice of groundstate spontaneously
breaks this symmetry! The two previously identical degrees of freedom now correspond to
the two quite different excitations – radial and angular – about the nonzero VEV which are
indicated in figure 2.1. The radial excitations engage the potential gradient and therefore
give rise to a massive particle, the Higgs boson. Angular excitations on the other hand are
potential-invisible and correspond to a massless Nambu-Goldstone boson. The one generator
of the broken U(1) group in this case gives rise to a single degree of freedom which, while
massless in itself, now provides the necessary “slot” for a gauge field mass term as we shall
see.

Extending this idea to the full SM Higgs doublet, the degenerate set of potential minima
define a sphere of radius v in R4. As in the lower-dimensional illustration, a vacuum con-
figuration anywhere on this boundary can be expressed without loss of generality in terms
of a single nonzero (real) field component. Likewise the four degrees of freedom decompose
into excitations h(x) in the single radial direction along the VEV and in three angular di-
rections ξa(x) that are tangent to the 4-sphere. The Higgs field after spontaneous symmetry
breaking can therefore be reparameterized as follows:

φ(x) = 1√
2
ei
ξa(x)σa

v

(
0

v + h(x)

)
(2.31)

where σa are the Pauli matrices. When (2.31) is substituted back into the potential (2.30) a
term arises that is quadratic in h, indicating that the radial excitations again correspond to
a massive particle associated with the Higgs field. No such terms arise for the three ξa which
cancel out in the norm-squared terms suggesting their interpretation as massless Goldstone
modes. In fact they can be fully absorbed at every point in spacetime by specifying the
three local gauge functions ωa in (2.6) representing SU(2)L invariance. But this specific
choice of unitary gauge implies that the SM electroweak symmetry has been broken:

SU(2)L × U(1)Y → U(1)Q (2.32)

where Q is the electric charge which is now conserved by the residual symmetry associated
with the electromagnetic interaction (the unitary gauge did not fix this remaining gener-
ator). Meanwhile, the three degrees of freedom that were “gauged away” show up in the
gauge sector through the covariant derivative in the kinetic term of (2.30):

(Dµφ)†Dµφ = 1
2

∣∣∣∣∣ −igwT (W 1
µ − iW 2

µ)(v + h)
∂µh− i(g′Y Bµ − gwTW 3

µ)(v + h)

∣∣∣∣∣
2

(T = Y = 1/2) (2.33)

⊃ 1
2(∂µh)∂µh+ 1

8
[
(g′2 + g2

w)ZµZµ + 2g2
wW

+µW−µ
]

(v + h)2 (2.34)
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where
W±µ ≡

(W 1
µ ∓ iW 2

µ)
√

2
, Zµ ≡

g′Bµ − gwW 3
µ√

g′2 + g2
w

, Aµ ≡
g′Bµ + gwW

3
µ√

g′2 + g2
w

(2.35)

These linear combinations of the electroweak gauge fields correspond to the observable W±

and Z0 weak bosons and the photon. The photon field Aµ accounts for the remaining degree
of freedom orthogonal to Zµ.

Massive bosons

As a result of spontaneous symmetry breaking there are terms in (2.34) quadratic in the
weak boson fields and proportional to the constant v – these explain the masses of the weak
bosons:

mW = 1
2gwv , mZ = mW

cos θW
, tan θW ≡

g′

gw
(2.36)

where the SM electroweak VEV is v = 246 GeV and the Weinberg angle is θW = 28.7◦,
corresponding to masses of 80.4 GeV and 91.2 GeV for the W and Z bosons, respectively.
On the other hand, because of the charge assignment to the Higgs doublet (2.29) the photon
does not get a mass term in the expansion (2.34). In summary, the three Goldstone modes
from the spontaneous symmetry breaking provide the longitudinal (i.e. massive) polarization
states of the three weak bosons while leaving the photon massless.

Equation 2.34 also entails 3-point and 4-point interaction terms between the weak bosons
and the massive Higgs field h. The Higgs boson mass mH ≡

√
2µ is a free parameter in the

potential (2.30) and has been experimentally determined at the LHC as 125.10± 0.14 GeV
[11].

Fermion masses

The BEH mechanism can also introduce mass terms for fermions by coupling them to the
Higgs field. An additional scalar SU(2)L doublet is just what is needed to connect left-
and right-chiral fermion fields in a gauge-invariant way. This can be seen in the following
adaptation of the mass term (2.28):

Yukawa sector: − yf
(
ψRφ

†ΨL + ΨLφψR
)

(2.37)

where yf is the Yukawa coupling of the fermion species f ; Ψ and ψ are the doublets and
singlets, respectively, defined in equations (2.24) and (2.25) for leptons and quarks. Because
the Higgs doublet contracts with the left-handed fermion doublets this mass-type term is
SU(2) gauge invariant, as desired. The Higgs vacuum configuration (2.31) then precipitates
the following terms:

− y``Rφ†L = − y`√
2
`R
(
0 v + h

)(ν`
`L

)
= − y`√

2
(v + h)`R`L (2.38)
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When put together with its adjoint the expression on the right produces a mass term mψψ,
where the mass includes a factor of the lepton’s particular Yukawa coupling y` and the
Higgs VEV v. The neighboring term with h in it represents a coupling between fermions
and the dynamical Higgs field after spontaneous symmetry breaking. It also is proportional
to y`, leading to the SM prediction that the Higgs boson will couple to fermions in direct
proportion to their mass. The values of the Higgs boson and fermion masses are not, however,
determined within the SM, suggesting one way in which new theories might be able explain
more (chapter 3).

2.3 Quantum chromodynamics

There is an additional fundamental interaction between certain particles which, like the
weak nuclear force, only emerges on a small length scale: the strong nuclear force. The
quantized charge associated with this interaction is color charge, hence the terms chromo-
dynamics. In the SM, color charge is carried only by quarks and the gauge boson of the
strong force, the gluon. The notion of color is invoked solely as a helpful analogue for the way
these charges combine and has its origins in the series of meson and baryon discoveries from
1947 into the 1960s. Gell-Mann and Zweig’s organization of these particles into the Eightfold
Way formed the basis for a theory of hadrons as bound states of light fermions, ushering in
the quark model. An additional quantum number was then needed to explain how baryons
could contain more than one otherwise identical quark states while respecting the Pauli
exclusion principle. The wavefunctions of quarks were therefore extended by an additional
degree of freedom representing its color state in the red, green, and blue eigenvectors:

quarks : r =


1
0
0

 , g =


0
1
0

 , b =


0
0
1

 (2.39)

antiquarks : r̄ = rT , ḡ = gT , b̄ = bT (2.40)

The need for a separate basis of colors – anticolors – carried by antiquarks is tied to the
principle that bound states of QCD are always color-neutral (i.e. singlets): in mesons a color
cancels with its anticolor while in baryons three distinct colors combine to form “white”.
The absence of qq bound states follows from the property that no two colors can cancel.
The quark color triplet is in the 3 fundamental representation of the SU(3) group while
antiquarks are described by the 3 representation. Gluons on the other hand correspond to
the adjoint representation of SU(3), rotating quark and antiquark states through its 8 of
generators λk. As shown in table 2.2 they are the complex 3× 3 Gell-Mann matrices.

The Lagrangian for QCD is nearly identical in form to that of QED in equation 2.11.
However as in the weak gauge theory there are structural differences in both the fermion
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fields and the gauge fields. The quark fields are packaged in color triplets corresponding to
(2.39) and the matrix-valued generators of SU(3) are implicit within the gluon gauge fields
Aµ = Akµλ

k. The latter point again leads to additional commutation terms in the gluon
field strength tensor Gkµν compared to the electromagnetic one. Ultimately the contraction
GkµνG

k µν therefore describes not only gluon kinetic terms but also self-interaction terms.
Though not unlike weak interactions in this regard, QCD produces a very different phe-
nomenology because gluons are massless and couple strongly as discussed in section 2.3.1
below. These same features enable the different quark types to combine in a variety of
QCD bound states comprising the mesons and baryons. The most important among them
are the nucleons that make up baryonic matter throughout the universe. Also, while the
BEH mechanism is responsible for fundamental masses, it is the nuclear binding energy
arising from strong force that generates the vast majority of atomic mass, and hence that
of ordinary matter (dark matter is another question).

2.3.1 Asymptotic freedom and quark confinement

The fact that the gluon is charged under the same force it mediates is a consequence of
the non-Abelian nature of the SU(3) group – that is, its generators do not commute. This
leads to self-interaction of gluons in three- and four-point diagrams. While such diagrams
also exist for the weak bosons they are suppressed by factors of the weak coupling constant
gw ∼ 0.6 and more importantly propagators with large mediator masses. To the contrary, the
strong coupling constant of QCD rises to values near 1 for low energy (i.e. soft) interactions.
This means that additional diagrams corresponding to higher-order QCD corrections are
not necessarily small compared to the tree-level process. At the lowest energies perturbative
methods therefore become unsuitable for QCD calculations. However the strong coupling
“constant” αs weakens for higher energy interactions, enabling perturbative calculations of
QCD cross sections at colliders. This dependence on energy scale Q2 is shown in figure 2.2
and has become known as the “running” of the strong coupling constant. It can equivalently
be said that the strong force is strongest at large distance scales but weakens for short-range
interactions.

The evolution of αs with energy scale Q is generated by higher-order QCD corrections
which themselves include factors of αs. In the ultraviolet regime where perturbation theory is
applicable this interdependence is modelled by the following renormalization group equation
(RGE):

∂

∂(Q2)

(
αs
4π

)
= − 1

Q2

(
αs
4π

)2 ∞∑
n=0

βn

(
αs
4π

)n
(2.41)

The βn are constant expansion coefficients of the Beta function, corresponding to (n+ 1)th-
loop order corrections. For example, the 1-loop correction is β0 = 11 − 2

3nf , in terms of
the number of quark flavours included in the calculation. The expansion has recently been
carried to 5-loops by calculation of the β5 coefficient [22].
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QCD αs(M z) = 0.1181 ± 0.0011

pp –> jets
e.w. precision fits (N3LO)  

0.1

0.2

0.3

α
s (Q

2)

1 10 100
Q [GeV]

Heavy Quarkonia (NLO)

e+e–   jets & shapes (res. NNLO)

DIS jets (NLO)

April 2016

τ decays (N3LO)

1000

 (NLO

pp –> tt (NNLO)

)
(–)

Figure 2.2: Evolution (a.k.a. “running”) of the strong coupling constant with energy scale Q
as shown by a fit to experimental results. The precision of the calculations used is written
in brackets. This is figure 9.3 of [23].

The running of the strong coupling constant leads to important implications for the
behaviour of quarks. In the limit of high energy interactions, quarks exhibit asymptotic
freedom as they interact with smaller values of the strong coupling constant. Asymptotic
freedom essentially follows from the minus sign in the RGE (2.41). The reverse is true for
quarks interacting at low energies. These two regimes can be modelled in an approximate
form of the color singlet (e.g. r-r̄) potential derived from perturbative calculations at small
distances (high energy) and lattice QCD beyond the perturbative regime [24]:

VQCD(r) = −4
3
αs(r)
r

+ kr +O(µ3
fr

2) (= Vpert. + Vlatt.) (2.42)

where µf is the fragmentation scale. The potential is roughly Coulombic at small distances
(ignoring r-dependence of αs) but is dominated at larger distances by the term which
increases linearly with separation with effective “spring constant” k. This explains why the
strong force, despite its massless mediator, is nonetheless confined to distance scales on the
order of a proton radius (∼ fm−1). A picture for what actually takes place is that as two
quarks are drawn apart, their color potential gradient becomes steep enough to precipitate
a qq̄ pair out of the quantum vacuum. The new pair then splits off to form two new bound
states with the separated quarks. This process may repeat depending on the energy of the
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quarks (discussed further in section 2.5.2), but the upshot is that the original quarks are
not experimentally accessible apart from their confinement within bound states. The top
quark is the only exception because it decays via the weak interaction before it has time to
create a bound state with another quark (prompted by the large difference in top-bottom
mass).

Asymptotic freedom is confirmed by the observed decrease of αs with energy scale Q
deduced from experimental measurements as shown in figure 2.2. For example, the “DIS
jets” points are based on combined measurements of jet cross sections in deep inelastic e−p
scattering at high-Q2 [25] where the partons are treated as free particles. On the other
hand, quark confinement is empirically supported by the fact that experiments have never
managed to observe quarks in isolation, even at colliders probing energies well above the
confinement scale ΛQCD. For instance, quarks produced in collisions at the LHC cannot be
detected individually, but only through their final state signature of a collimated stream of
hadrons known as a jet.

2.4 High energy physics toolkit

2.4.1 Particle interactions and cross sections

In general a particle interaction is a process converting a set of initial state particles into a set
of final state particles over a time interval. In Feynman diagrams these external particles
are represented by the open-ended lines while their interconnecting vertices and internal
lines comprise intermediate states which strictly cannot be observed directly. As such the
kinematics of the internal lines, called propagators, are not restricted to classical behaviour.

The probability of observing any given particle interaction depends on the external par-
ticles’ four-momenta and quantum numbers together with the intrinsic quantum-mechanical
probability of the process. The Feynman amplitude M incorporates the external particle
states in connection with the coupling strengths of the relevant fundamental interaction
(via vertex factors) and phase space integrals over propagators. The Feynman rules (§A.1
of [26]) provide the recipe for calculating this probability for a given diagram. Considering
a process with two initial particles (momenta p1 + p2 → Σpf ) the probability of producing
the final state particles in an infinitesimal phase space volume d3pf is calculated as follows:

dσ = (2π)4δ(4)
(
p1 + p2 −

∑
f

pf
) 1
|v2 − v1|

∏
i=1,2

mi

Ei

∏
f

[
mf

Ef

d3pf
(2π)3

]
|M |2 (2.43)

This is the differential cross section of the process. The Dirac delta function simply enforces
4-momentum conservation (so that the Ef are fully determined by pf ). There is a frame-
dependent factor in the denominator of the relative velocity of the incoming particles. In
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the two most common frames it is:

|v2 − v1| =

|p1 = −p2| · (E1 + E2)/(E1E2) , (CoM)

|p1 6= 0|/(E1) , (Lab)
(2.44)

The Feynman amplitude generally depends on the spin states of the external particles. How-
ever, in practice the spin states of the incoming particles (i.e. beam polarization) are often
not known and those of the outgoing particles are not always relevant to the experiment. In
such cases the quantity of interest is the cross section both averaged over initial spin states
and summed over final spin states. Similarly, interactions between quarks and gluons entail
sums and averages over possible color states of the particles.

Because internal particle lines are not observable, all possible configurations must be
included in order to calculate the full cross section between a given initial and final state
configuration (which is observable). The lowest-order set of indistinguishable Feynman di-
agrams associated with a given interaction is commonly referred to as the Born level5.
Diagrams which share an external topology with the Born-level but have n additional pairs
of internal vertices are suppressed by n factors of g2 = 4πα. Therefore calculations at the
Born-level are called leading-order (LO) and higher order corrections next-to-leading-order
(NLO), next-to-next-to-leading-order (NNLO), and so on.

Although higher-order effects are often small, they can have an important impact in the
form of interference. Interference is especially noticeable when diagrams are indistinguish-
able at leading order (e.g. γ and Z in Drell-Yan). In general, indistinguishable processes,
say A and B, must be summed at the amplitude level: MA+B = MA + MB. Because it
goes like the norm-squared amplitude, the corresponding cross section for A + B picks up
an additional contribution from the cross-term:

σA+B ∼ |MA+B|2 = |MA|2 + |MB|2 + 2 Re {M ∗
AMB} (2.45)

The result is observable interference effects in the differential cross section which are con-
structive or destructive depending on the sign of the cross term.

2.4.2 Particle colliders

Many parameters are needed to fully describe a high energy particle collider, but the two
most defining ones are its beam energy and luminosity which will be introduced here. A
collider includes the aspect of a particle accelerator as well as the beam manipulation needed
to achieve collisions between the accelerated particles.

5This popular term apparently combines the ideas of “Born approximation” and “tree level”, but in some
cases “Born-level” also refers to diagrams higher than tree level (e.g. H → γγ).
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Charged particles can be accelerated by means of the electric potential gradients gen-
erated inside resonators, in particular radio-frequency (RF) cavities. Particle accelerators
either arrange these RF cavities along open (e.g. linear accelerators) or closed (e.g. circular)
paths. The latter option has the advantage of reusing the same set of RF cavities multiple
times throughout the acceleration of a single beam. However, maintaining a circular beam
trajectory requires in addition a strong magnetic field for acceleration in the transverse di-
rection (bending). There are two main types of circular accelerators: the cyclotron and the
synchrotron. In cyclotrons, both the electric and magnetic fields used to accelerate/bend
the beam permeate a common volume inside a cylindrical evacuated vessel. The beam is
injected at the centre and spirals outward, being accelerated in the gap region between two
“D”-shaped electrodes of oppose phase. The energy achievable with a cyclotron is limited
by the need to sustain both a strong magnetic field and a high vacuum across the entire
extent of the spiraling beam. Synchrotrons on the other hand opt to maintain a constant
beam radius while sweeping both the electric field radio frequency and the magnetic field
strength6. In this case the magnetic field only needs to be present at small bending corridors
along an approximately circular beamline. This aspect make it possible for synchrotrons to
achieve far higher beam energies than cyclotrons. The angular velocity of a charged (q)
particle’s orbit with radius R lying perpendicular to a magnetic field B is

ω = v

R
= Bq

mγ
⇐⇒ |p| = γmv = RBq (2.46)

where γ = 1/
√

1− v. The second equation above implies that beam momentum (and hence
beam energy in the ultrarelativistic limit) is proportional to both the magnetic field strength
and radius of the accelerator. Even with state-of-the-art superconducting magnet technol-
ogy, equation 2.46 implies the need for very large radii to probe physics at the TeV scale.
For example, the dipole magnets at the LHC are designed to operate at 8.33 TeV, which
for a design energy of |p| = 7 TeV/c corresponds to a bending radius of 2.8 km [27].

Once accelerated to high energy, by far the most straightforward way to study particle
interactions is to steer the beam into a stationary/fixed target. However this configuration
is inefficient in terms of converting beam energy E into centre of mass energy

√
s of inter-

actions between beam and target particles. The following expressions motivate why, though
technically challenging, it is highly advantageous to instead steer two beams into collision
course:

√
s =


√

2mtE , (fixed-target)√
2E1E2(1 + cos θ) =

E1=E2, θ=0
2E , (collider)

(2.47)

6In cyclotrons it is the radio frequency that remains constant to first order, although it also must ramp
to account for relativistic effects.
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where mt is the target particle mass for the first case, and θ is the (small) crossing angle of
beams 1 and 2 in the second case. While the collision energy for a collider experiment is up
to double the collision energy (2E), for a fixed-target experiment the collision energy goes
like the square-root of 2E.

Getting a beam of incredibly small particles to collide in an experiment involves not only
accelerating the beam but also highly focusing it. Both the cross section σ of the particle
interaction (dependent on the collision energy) and the beam luminosity L factor into the
rate dN/dt one can expect this process to occur in the experiment:

dN

dt
= σL (2.48)

The luminosity measures both the number of colliding particles and their proximity achieved
by compression of the beam both in space and time (i.e. frequency of collisions). Two incident
bunches7 of particles with (transverse) density ρA and ρB that intersect in a cross section
A produce the following luminosity:

L = fcol

∫
A
ρAρBdxdy (2.49)

where fcol denotes the bunch collision frequency. This expression assumes a uniform density
in the longitudinal direction for each of the two colliding bunches. Considering now the
collision of two identical beams with density profiles that are gaussian with width σx and
σy, the integral results in

L = fcolχ
N2

4πσxσy
(2.50)

where N is the number of particles per bunch and χ ≤ 1 is a geometric reduction factor
accounting for a crossing angle less than 180◦.

2.4.3 Invariant mass in terms of transverse and angular observables

The invariant mass associated with a two-body decay is defined as the magnitude of the
total final state four-momentum:

m2
`` = PµP

µ = (P1 + P2)µηµν(P1 + P2)ν

= (E1 + E2)2 − | ~p1 + ~p2|2 (2.51)

where labels 1 and 2 identify the two final state particles (in our case leptons). The in-
variant mass is most intuitive when both particles are produced with equal and opposite
3-momentum vectors in the lab frame; then the invariant mass becomes simply the sum of

7In the case of a collider these are opposite beams but a similar argument holds for fixed-target experi-
ments in the collision center-of-mass frame.
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their total energies. A more practical expression can be derived by converting the lepton
energies and 3-momenta into the basis of observable quantities at the LHC: transverse mo-
mentum pT, radial angle φ, and pseudorapidity η. This proceeds as follows from equation
2.51:

m2
`` = (E1 + E2)2 − | ~p1 + ~p2|2

= E2
1 + E2

2 + 2E1E2 − |~p1|2 − |~p2|2 − 2~p1 · ~p2

= m2
1 +m2

2 + 2(E1E2 − ~p1 · ~p2)

= m2
1 +m2

2 + 2
[
E1E2 − pz1pz2 − |~pT1 ||~pT2 | cos (φ1 − φ2)

]
(2.52)

The first two terms in the brackets can be expressed in terms of the leptons’ rapidity, defined
as:

cosh y ≡ γ =⇒ y = 1
2 ln

(
E + pz
E − pz

)
(2.53)

The second equation is a deduction for the case where we are considering a frame boosted
in the z-direction, e.g. colliding protons. Then,

2(E1E2 − pz1pz2) = (E1 + pz1)(E2 − pz2) + (E1 − pz1)(E2 + pz2)

=
√

(E1 + pz1)(E2 − pz2)(E1 − pz1)(E2 + pz2) (2.54)

×
[√

(E1 + pz1)(E2 − pz2)
(E1 − pz1)(E2 + pz2) +

√
(E1 − pz1)(E2 + pz2)
(E1 + pz1)(E2 − pz2)

]

=
√
E2

1 − (pz1)2
√
E2

2 − (pz2)2
(√

e2y1e−2y2 +
√
e−2y1e2y2

)
=
√
m2

1 + p2
1 − (pz1)2

√
m2

2 + p2
2 − (pz2)2

(
ey1−y2 + e−y1+y2

)
=
√
m2

1 + (pT1 )2
√
m2

2 + (pT2 )2 · 2 cosh (y1 − y2) (2.55)

So, substituting (2.55) back into (2.52), the invariant mass is now expressed fully in terms
of rapidity, radial angle, and the component of momentum perpendicular to the beam axis:

m2
`` = m2

1 +m2
2 + 2pT1 pT2


√√√√(m1

pT1

)2

+ 1

√√√√(m2
pT2

)2

+ 1 · cosh (y1 − y2)− cos (φ1 − φ2)


(2.56)

As discussed in section 4.1, the pseudorapidity η is used in ATLAS as a proxy for the rapidity
y since these two are equal in the ultrarelativistic limit. In the case that both outgoing
particles are of the same species, the masses m1 and m2 are equal. Further, ultrarelativistic
particles satisfy m/p � 1 (in natural units) such that their mass can be safely neglected.
In particular, muon and electron candidates in the high-mass dilepton analysis have pT
≥ 30GeV such that the (m/pT)2 term under the radical in (2.56) evaluates to 2.9× 10−10

and 1.2×10−5, respectively. The contributions from nonzero electron and muon rest masses
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in (2.56) are therefore far below the invariant mass resolution. With these simplifications
the invariant mass becomes

lim
E>>m

m2
`` = 2pT1 pT2 [cosh (η1 − η2)− cos (φ1 − φ2)] (2.57)

which is the form used in the dilepton analysis discussed in this thesis.

2.5 Simulation of ATLAS data

There are many ways in which doing physics at the LHC depends on large samples of accu-
rately simulated proton-proton collisions. Comparing real and simulated data is the basis
for understanding detector efficiencies, optimizing analysis strategies, and testing theories
such as the SM. The fundamental advantage of simulating events is that the underlying
process is fully specified and is therefore also known after reconstruction. This is unlike real
data where information about the underlying process must be inferred based on an event’s
properties, and may be limited by the rules of quantum mechanics (e.g. for indistinguishable
Feynman diagrams). So, using the detailed mathematical description of particle interactions
in quantum field theory, one can calculate the cross sections and hence production rates of
processes taking place at the LHC (using equations 2.43 and 2.48). However, to simulate
data that matches the form collected by LHC experiments, calculating cross sections is only
one link in a chain of a highly involved modelling workflow.

Figure 2.3: Illustration of the different intermediate components of a pp collision.
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The so-called hard interaction denotes the process at the heart of a pp collision of interest.
However, as shown in figure 2.3, the hard interaction is overlaid with a number of interactions
which influence its initial and final state kinematics and add to its detector signature. To
start with, at a hadron collider the initial state can only be modelled probabilistically
through the Parton Distribution Function (PDF), discussed in section 2.5.1. Next, the hard
interaction cross section is modified by higher-order corrections, and radiative emissions
from its initial and final fermion lines. Then the final state and spectator partons undergo
the non-perturbative process of hadronization.

Each of the effects just mentioned is modeled at the stage of event generation denoted by
the box in figure 2.4. After that stage, all the particle-level information propagates through
intermediate stages of interactions with the ATLAS detector before being converted into
digital format. The process must also take into account that in the real detector, multiple
proton collisions overlap from within the same bunch crossing and also from neighboring
ones (pileup). The challenge of simulating this entire picture with sufficient accuracy is the
aim of the ATLAS Monte Carlo production scheme. An overview of the different components
to be discussed is shown in figure 2.4.

Figure 2.4: Main components of the ATLAS MC workflow, outlined by Generation,
Simulation, Digitization, and Reconstruction. See [28] for a more detailed flowchart.

2.5.1 Parton distribution function

The aim in colliding protons is that two of their partons will collide with sufficient energy to
achieve some process of interest. Calculating the likelihood of this occurring is complicated
by the fact that each of the two partons possesses a different, indeterminate fraction x of
the proton’s total momentum. In a simplistic picture of the proton’s structure composed
of three valence quarks, it might be supposed that each parton possesses about one-third
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of the proton’s total momentum. A closer figure of ∼ 1/6 could also be intuitively argued
to account for momentum-carrying gluons present in the proton. However, deep inelastic
scattering experiments support a more complex picture where gluon fields undergo random
splitting into quark-antiquark pairs, generating a stochastic “sea” of quarks that accompany
the valence uud. The fraction of a proton’s momentum which is carried by a given species of
quark therefore takes values according to a probability distribution. The probability to find
a given species of parton i possessing a fraction of the proton momentum in the interval
[x, x + dx] is given by the corresponding moment x · fi(x,Q2) of its Parton Distribution
Function (PDF). The components carried by all possible quarks, antiquarks, and gluons
therefore together satisfy [26]:

∑
i

∫ 1

0
xfi(x,Q2)dx = 1 (2.58)

where the sum is over all parton species i, including gluons. The PDFs derived by the
NNPDF collaboration are shown in figure 2.5. The second argument of the PDF, Q2, denotes
dependence of the proton structure on the scale of momentum transfer between the probe
particle and the proton, for example in the context of deep inelastic scattering experiments.

(a) scale: µ2 = 10 GeV2(= Q2) (b) scale: µ2 = 104 GeV2(= Q2)

Figure 2.5: Plots of the parton momentum fraction moments x · fi(x,Q2) for Q2 = 10 GeV2

using the NNPDF3.0 set [29]. Figure adapted from [23].
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The inherently dynamic composition of the proton is both an essential feature and a
challenge of pp collisions at the LHC. A proton collider operating at a fixed beam energy
has access to multiple initial state combinations involving gluons, quarks, and antiquarks
at a range of x values. This is much more varied than the initial states produced by, say,
ee collisions within their radiative corrections and beam energy uncertainty. This feature
makes the LHC an excellent facility to search for a wide range of processes and has enabled
the discovery of the Higgs boson in multiple production modes. The downside is that direct
knowledge of the initial state kinematics is limited by the PDF which itself is known with
uncertainty. The cross section of a given production process on the partonic level, ij → X,
must therefore be integrated over the range of possible momentum fractions xA and xB of
the protons A and B, weighted by their respective PDFs:

σpp→X =
∑
i,j

∫ 1

0

∫ 1

0
fi(xA, Q2)fj(xB, Q2)σij→X(xApµA, xBp

µ
B)dxAdxB (2.59)

where σij→X is the partonic cross section involving physics of the hard scatter and, in gen-
eral, subsequent parton shower and hadronization. This scheme is known as factorization
[30] because of how it splits the pp→ X cross section into the soft (long wavelength) inter-
actions distributing the proton momenta among partons and the hard (short wavelength)
interaction between partons in the initial state. Factorization is motivated by the differ-
ent behaviour of QCD interactions at the different characteristic energy scales. The hard
interaction correspond to a scale where αs is small and allows a perturbative treatment.
Conversely, soft interactions incorporate a large value of αs and are therefore treated using
non-perturbative techniques.

2.5.2 Event generation with Monte Carlo

Samples of simulated LHC collisions are typically calledMonte Carlo (MC) after the method
used to evaluate phase space integrals for cross section calculations. A form of Monte Carlo
is also used to simulate particle interactions with detector components. Generally “Monte
Carlo” describes any procedure which performs a calculation by generating random num-
bers. The canonical example is calculating the area integral of an arbitrary shape by “throw-
ing darts” randomly at the shape within a known area containing it (e.g. a square). The
ratio of hits to misses tends to the ratio of areas, as a consequence of the Law of Large
Numbers. For an n-dimensional shape defined by f and bounded within a region Ω this
result can be expressed as

lim
N→∞

1
N

N∑
i=1

f(Xi ∈ Ω) = 1∫
Ω d

nx

∫
Ω
f(x)dnx (2.60)
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where Xi is one of N points drawn randomly in the region. In the case of cross sections,
equations 2.43 and 2.59 entail integration over initial momenta from PDF and internal
momenta in the underlying Feynman amplitude. Random 3-vectors are drawn for particles
inside the (3n)-dimensional phase space restricted by 4 energy-momentum constraints.

The matrix element (ME) stage of event generation focuses on sampling the hard in-
teraction cross section. The numeric calculation of the underlying Feynman amplitude is
carried out at a prescribed level in perturbation theory. Hence MC generated samples come
with labels such as “NLO”, for example, indicating that next-to-leading order corrections
have been added to the hard interaction diagram.

A number of mainstream event generators are commonly used for MC samples in AT-
LAS. Steering files known as “jobOptions” and also run cards are written to tell the gen-
erator what hard interaction process to generate and other details such as kinematics. The
generators are developed by separate teams, and it is not uncommon to observe significant
differences in their predictions for a given physics process. Examples of ME-level genera-
tors include Powheg [31], MadGraph [32], and Alpgen [33]. These ones are typically
combined with an additional generator implementing the parton shower (PS) step such as
Pythia [34]. Other event generators – Sherpa [35] and Herwig [36] for instance – are
commonly used for both ME and PS stages in combination.

A given MC sample will thus typically be labelled according to its physics process,
the generator(s) used for ME and PS, and the perturbative order and PDF set used by the
generator. Following that are several identifiers related to simulation configuration. However
there are additional configurations not usually written. As SM measurements at the LHC
increase in precision, they are used to “backpropagate” information about high energy
processes for future MC modelling. These data-driven corrections are provided in the form
of tunes which adjust the PS parameters of a given event generator. In addition to tunes,
MC samples may also incorporate “afterburner” generators following event generation to
improve the accuracy of process-specific details including photon radiation and higher-order
QED corrections.

ISR/FSR and the parton shower

While higher-order corrections augment the hard scatter diagram with additional internal
lines, initial and final state radiation (ISR and FSR) affect the kinematics of the diagram by
altering the kinematics and multiplicity of its external lines. In cases where ISR and FSR
carry off a significant fraction of momentum they produce additional hard objects in the
detector signature. Radiation from external fermion lines can be photons, for which case the
probability can be calculated perturbatively. The treatment of ISR and FSR for particles
which carry QCD color charge is more complicated.

The same properties underlying asymptotic freedom, that gluons are massless and carry
color charge, are also the basis for the parton shower phenomenon. Quarks can radiate
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gluons, and gluons can split. The real challenge is that for such a → a′ + b parton split-
tings which involve low momentum transfer, the strong coupling constant is too large for
perturbative calculations. In fact the cross section for a quark radiating a gluon encoun-
ters two types of divergences: collinear divergence when the gluon is emitted in a direction
parallel to the (anti)quark, and infrared divergence in the limit of vanishing gluon energy
(i.e. “soft” gluon limit). To circumvent these problems, parton shower algorithms rely on
non-perturbative approaches to evolve the parton splitting functions.

Parton splitting rates are modeled on the basis of the Altarelli-Parisi8 splitting kernels
[37], expressed as Pa,b(z) for the splitting a → a′ + b. The variable z is the fraction of the
initial parton’s energy which is carried by one of the split legs while the other has (1− z).
The Sudakov form factor captures the probability for a parton a to not undergo splitting
to the sum of possible outgoing partons b when transitioning from scale q to q′:

∆a(q2, q′2) = e−Ia(q2,q′2) (2.61)

where Ia(q2, q′2) = 1
4π

∑
b∈{q,g}

∫ q′2

q2

∫ zmax

zmin
αs(q̃2)Pa,b(z) dz

dq̃2

q̃2 (2.62)

Equation 2.62 resembles the expression exp
(
−
∫ t

0 λdt
)
for survival probability until time t

of a radioactive nucleus with decay rate λ – except in this case the rate depends on the
integration variable. The z integration range is not allowed to go from 0 to 1, but instead
is restricted to cases of splitting processes which are deemed resolvable – as opposed to a
situation where one outgoing parton receives a z fraction below the resolution of the parton
shower model. Thus a cutoff scale Q0 is set so the resolvable energy fraction threshold is
zmin = Q2

0/q
2. Conversely, zmax = 1−Q2

0/q
2.

The evolution of the parton shower is propagated at each iteration with starting scale
q2 by setting ∆a(q2, q′2) equal to a random value in the interval [0, 1] and solving for q′2.
A splitting occurs in this iteration if q′2 > Q2

0 and the process repeats for each outgoing
parton until the condition fails. The outgoing momenta and angles of the split partons are
distributed according to the splitting kernels Pa,b(z).

Hadronization

As shown in figure 2.3, all quarks and gluons produced by the hard scatter plus parton
shower subsequently hadronize (introduced in section 2.3.1). During the parton shower, the
interaction energy scale lowers, and the strong coupling therefore runs upward, eventually
enabling the formation of hadronic bound states that are stable on much larger timescales.
Parametric models which have proven successful at describing hadronization offer some

8Also attributed to Dokshitzer and also Gribov & Lipatov for their independent derivations (i.e. “DGLAP
equations”).
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intuition as to what takes place between the quarks and gluons during this process. Two
types of hadronization models are commonly used in event generators at the LHC: the string
model and the cluster model.

The string model is based on the picture of quark confinement introduced in section
2.3.1. Flux tubes of the color field act as strings connecting quarks and antiquarks. As they
move away from their creation vertex, the string is stretched until it splits into two smaller
strings, each ending on the new qq pair. Gluons correspond to excitations of the string in
the form of kinks.

The cluster model describes hadronization in terms of the formation of color-neutral
clusters which then separately dissociate into hadrons. All gluons following the PS are
broken up into qq pairs which are then grouped with the other quarks from the PS in order
to cancel out colors. These clusters are expected to follow a universal mass distribution for
singlet states determined by the input scale q and QCD scale λ (derived by Veneziano and
Amati [38]). Clusters with invariant mass above 3−4 GeV undergo additional splitting until
all clusters are light enough to be converted into hadrons.

The Herwig event generator, for example, uses the cluster model while Pythia uses the
string model. Both models have multiple tunable parameters and do better with different
aspects of modelling: the cluster model at predicting flavor composition and the string model
at energy-momentum modelling.

Underlying event and beam remnants

The hard interaction is also accompanied by fragmentation of the spectator partons (beam
remnants) and potentially soft interactions between some of them. This is the likely cause
of additional activity observed to accompany events with a hard interaction known as the
underlying event. As a comparison, the subset of events from minimum-bias triggers that
have no identifiable hard scatter exhibit less activity than what is seen to accompany the
hard scatter in events which have one (taking into account ISR/FSR) [39]. The detector
characteristics of the underlying event are measured in real events with at least one pT >

1 GeV jet [40]. The kinematic and angular distributions are then used to tune MC generators
which use parametric models to simulate the underlying event.

2.5.3 Detector simulation

The “Event Generation” box of figure 2.4 has been discussed in the previous section. Next
comes the simulation of particle trajectories, interactions, and resulting electrical signals
(“hits”) produced by final state hadrons, photons, and leptons throughout the vast array of
ATLAS detector components. Afterward, the digitization step emulates the detector readout
to convert the detector response into fully digital format. And finally, reconstruction applies
the same algorithms as used for data to interpret the digitized information into physics
objects.
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A virtual model of the ATLAS detector is built in Geant 4 [41] and incorporated into
the ATLAS Athena software framework. Geant 4 simulates the detector response on the
level of individual particle interactions with active and dead material. It also accounts for
particle decays taking place in the detector such as photon conversions. All this necessary
detail makes running the ATLAS simulation on average the largest single use of CPU
resources for the ATLAS experiment. The most time-consuming step is the simulation of
the ATLAS calorimeter system. This has motivated the development of the ATLAS Fast
Calorimeter Simulation (AF2) [42] to shortcut the “fullsim” treatment of particle showers.
Many MC samples are produced in AF2, but it is not yet fully suitable for all analyses,
including the high-mass dilepton analysis because of the detail needed in high-ET electron
showers.

Pileup

The detector signature of an individual pp collision is complicated by overlapping activity
known as pileup from particle interactions not coming from the primary vertex. Most pileup
is due to additional pp vertices within the same bunch crossing which are a consequence
of operating the LHC beam with high luminosity (needed to effectively study most pro-
cesses of interest; section 2.4.2). In addition, some of the slower detector systems (e.g. LAr
calorimeters, TRT) also contend with activity from bunch crossings arriving right before or
after (out-of-time pileup). Under design conditions, bunch crossings are separated in time
by only 25 ns (or roughly 7.5 m). Besides pp collisions, a smaller component of pileup is
generated by beam interactions with the beam pipe and residual gas inside it.

Beam conditions in Run 2 produced on average 33.7 interactions per bunch crossing. The
vast majority of these interactions fall in the category of elastic, single-diffractive, or double-
diffractive processes. The elastic case corresponds to protons scattering but remaining intact
while diffractive processes are when one or both protons are broken up by the collision and
hadronize. To simulate the effect these pileup vertices have on reconstructing the primary
vertex, the processes are first generated in Pythia. The generated events are then overlaid
with one another according to the expected number of pileup vertices as distributed in data
(the pileup “profile”). The whole lot then gets passed to the ATLAS simulation together
since that is where their signatures overlap.
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Chapter 3

Scenarios beyond the Standard
Model

The Run-1 and Run-2 datasets collected at the LHC have provided strong experimental
support for the SM. Arguably the most striking confirmation of the SM was the discovery of
the Higgs boson in 2012 by the ATLAS and CMS collaborations [43]. Furthermore, recent
summary plots1 by the ATLAS experiment demonstrate the general agreement between
various predicted and measured SM cross sections across 14 orders of magnitude. However
as this section explains, the SM faces an array of theoretical and empirical difficulties as
demonstrated by the following list of unsolved questions:

1. Naturalness: (section 3.1)

• can the small mass of the Higgs boson be explained without excessive fine tuning?

2. Explanatory power: (section 3.2)

• why are there three fermion generations and why do they have such disparate
masses?

• what leads to the fundamental forces having such disparate strengths?

• how does gravity work on the subatomic scale and why is it so weak?

3. Empirical issues:

• what is the nature of dark matter? (section 3.3)

∗ where do neutrinos obtain their small but nonzero mass?

∗ why don’t strong interactions violate CP symmetry even though it is not expressly
forbidden?

1https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SM/index.html

34

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SM/index.html


where all but the (∗) items are shortcomings for which there are theoretical solutions jointly
motivating the experimental signature of a high-mass dilepton resonance. This claim will
be discussed in this chapter. In this connection, the relevant “answers” to the seemingly
unrelated questions listed above take the form of alternative Higgs models, grand unified
theories, models with compactified extra dimensions, and dark matter mediator models.
Besides the extra-dimensional models, each scenario features massive spin-1 bosons in their
scope of phenomenology arising from additional U(1)′ or SU(2)′ symmetry groups extending
the SM gauge structure (2.1). The legitimacy of this type of model building dates back
to Georgi and Weinberg [44] who showed that electroweak predictions are not in principle
spoiled by introducing U(1)′ groups beyond the SM SU(2)L×U(1)Y . Because of the breadth
of BSM scenarios which overlap in their prediction of heavy gauge bosons, the corresponding
search for dilepton resonances is a highly-motivated search channel at the LHC.

3.1 The unnaturally light Higgs mass

Unlike many SM particles, the Higgs boson and several of its key characteristics were fore-
seen theoretically several decades before its discovery. Following a decade of analysis at
the LHC, the Higgs boson’s scalar nature, CP properties, dominant production and de-
cay modes, and mass-proportionate Yukawa and gauge couplings have been incrementally
confirmed within experimental reach.

(a) Top: − 3
8π2λ

2
tΛ2 (b) Gauge: + 1

16π2 g
2Λ2 (c) Higgs: + 1

16π2λ
2Λ2

Figure 3.1: Dominant loop corrections to the Higgs mass at scale Λ.

One important property of the Higgs boson that is a free parameter in the SM and
therefore not predicted is the Higgs mass. Theoretical unitarity bounds and experimental
constraints from the LEP and later Tevatron experiments were prior indications of a light
Higgs, but the observed mass of 125 GeV confirmed this suspicion and the problem it raises
for the SM as a UV-complete theory. Although a light Higgs mass does not contradict the
SM it renders incredible the prospect that SM interactions are sufficient to describe physics
deep into the multi-TeV scale. The observed Higgs mass is the sum of both a bare mass
term and all contributions from the set of loop-order diagrams involving other massive
particles. The three dominant diagrams involving top quarks, gauge bosons, and the Higgs
self-interaction are shown in figure 3.1. The requirement that these large corrections cancel
with the Higgs bare mass to result in a comparatively small value of 125 GeV is known as
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the hierarchy problem. More generally, as will be discussed in the next section, the hierarchy
problem refers to the observed vast separation between the electroweak scale and the Planck
scale:

mEW ' 246 GeV << MPl ≡

√
~c

8πG ' 2.4× 1018 GeV (3.1)

Coming to the Higgs mass, the hierarchy problem manifests as an inability to extrapolate
the SM dynamics to the Planck scale. For example, assuming the SM holds up to an energy
scale Λ = 10 TeV the Higgs mass is calculated approximately as follows [45]:

m2
h = (125 GeV)2 = m2

0 − (2000 GeV)2 + (700 GeV)2 + (500 GeV)2 + . . . (3.2)

At this scale the difference between the Higgs bare mass term m2
0 and the corrections

must lie within 1% to realize a 125 GeV Higgs. Because of the quadratic dependence of
the corrections on cutoff scale Λ this fine tuning only becomes more dramatic the further
the SM is extrapolated to high energy. For the SM to hold up to the Planck scale would
require fine tuning to one part in 1032. While other SM particle masses also experience
quantum corrections, they are limited by symmetry constraints and typically scale with
Λ logarithmically so do not entail a problematic degree of tuning. The lightness of the
Higgs mass therefore presents a strong case that new physics will either naturally realize
the cancellation or otherwise intervene at some high energy scale.

Perhaps there is an additional set of loop diagrams involving BSM particles which cancel
the SM contributions by construction. This traditional remedy to the hierarchy problem is
a central feature of supersymmetric theories. By now searches for supersymmetry (SUSY)
at the LHC have constrained its parameter space enough to cast doubt on its ability to
address the hierarchy problem. However instead of invoking a “cancellation by necessity”
an alternative possibility is for new physics to interrupt the scaling of the corrections at
some energy. The quadratic dependence on energy scale of the Higgs corrections could be
assuaged if the Higgs only behaves as a scalar up to some multi-TeV energy scale, for
example if the Higgs is a composite particle bound by new strong dynamics. In this case
the smallness of its mass can be explained by postulating that it is a pseudo Nambu-
Goldstone boson in analogy to the SM pions which are scalar composites of the strong
force. The approximate SU(3)L × SU(3)R chiral symmetry exhibited by quarks in the SM
is spontaneously broken at the scale of quark condensation (∼ 1 GeV), generating the
spectrum of pseudo (i.e. only approximately massless) Nambu-Goldstone bosons including
the relatively light pions (135, 140 MeV). If the Higgs fields are Nambu-Goldstone modes of
some broken approximate symmetry an analogous mechanism could explain the smallness
of the Higgs mass compared to the compositeness energy scale. This was the basic premise
of early composite Higgs models pioneered by Kaplan and Georgi (e.g. [46]). More recent
incarnations through variations of Little Higgs (e.g. [47, 48]) and Twin Higgs models [49]
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featured greater compatibility with electroweak precision constraints by naturally elevating
the compositeness scale into the tens of TeV.

Models proposing an alternative nature of the Higgs boson typically rely on an expanded
symmetry group, for example SU(5), which includes the SM and the TeV-scale new physics
particle states prior to symmetry breaking. This generally implies the existence of residual
U(1)′ or SU(2)′ groups at energies below the breaking energy, and hence their corresponding
heavy gauge boson(s) (see [50, 51] for reviews). Drell-Yan production through their couplings
to SM fermions allows these high-mass states to be directly probed in leptonic final states
at the LHC.

3.2 The disparity in strengths of the fundamental forces

3.2.1 Grand Unified Theories

The unification of the electromagnetic and weak nuclear forces is a high-point of the Stan-
dard Model’s explanatory power. The SM explains how, despite their substantial differences,
electromagnetic and weak interactions are fundamentally connected. Although there is no
a priori reason why the two forces (or three, recalling Maxwell’s unification) could not
have been entirely separate entities, a theory for seeing them as one is compelling. The
conceptual appeal of unification schemes correlate with the idea – articulated by Dirac –
that mathematical elegance is a core guiding principle in the development of successful
theories of fundamental physics. From a practical point of view, Grand Unified Theories
(GUTs) can potentially explain otherwise arbitrary properties of nature, in particular (1)
the vastly different strengths of the fundamental forces, and (2) the peculiar group-theoretic
(see equation 2.5) and family structure of the SM fermions, e.g. Yukawa couplings. While in
the SM these properties are simply taken for granted, a successful GUT demonstrates how
distinctions between gauge forces and the differences between fermions dissolve at a very
high energy scale ΛGUT below the Planck scale. A GUT where this is accomplished could
also serve to bridge the large-scale interactions of gravity and the small-scale dynamics of
quantum fields.

The founding proposal for gauge unification [52] was based on the smallest symmetry
group which is able to embed the SM tri-fold gauge structure GSM: SU(5). With their
diagonals connected the 3 × 3 and 2 × 2 matrices of the fundamental representation of
SU(3)c and SU(2)L form traceless 5× 5 members of SU(5) while U(1)Y comprises a single
traceful diagonal member. However the minimal SU(5) scheme comes short of grouping all
fermion fields in a single multiplet (it needs two per generation) and implies unacceptable
rates of nucleon decay. These shortcomings led to the development of GUTs based on larger
symmetry groups, first SO(10) and then the larger exceptional group E6. These are related
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to one another and to SU(5) through the following possible breaking chain:

E6 → SO(10)× U(1)ψ
↓

SU(5) × U(1)χ
SU(3)c × SU(2)L × SU(2)R × U(1)B−L
· · ·

(3.3)

↓

GSM

where the ellipsis denotes other breaking patterns not shown. Depending on the model, the
highest arrow denotes breaking at ΛGUT while the subsequent arrow(s) denotes spontaneous
symmetry breaking at an intermediate energy scale. SO(10) is promising in that its 16
spinor representation is large enough for a single SM fermion generation (with room for one
additional singlet, potentially a right-handed neutrino). In the larger E6 then, there are more
than enough slots in its fundamental 27 representation such that it risks introducing more
exotic fields than what is helpful. Figure 3.2 shows the predicted running of gauge coupling
strengths in an SO(10)-based GUT [53] with a grand unification scale ΛGUT > 1017 GeV
and an intermediate breaking scale of the SU(5) subgroup which can be seen at 1015.96 GeV.

Figure 3.2: Example showing the coalescence of strong and electroweak (reciprocal) gauge
couplings as functions of energy scale µ in a non-SUSY SO(10) GUT (Fig. 1 of [53]).
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GUTs generally predict residual U(1) symmetry groups beyond the SM. This is clear
from the breaking patterns shown in equation 3.3, in particular the groups labelled ψ, χ,
and B − L (associated charge is difference between baryon and lepton numbers). The cor-
responding experimental signature of a heavy neutral resonance has been parameterized in
this thesis in terms of the Z ′χ and Z ′ψ resulting from a superstring-inspired E6 GUT, follow-
ing [54]. In general, both χ and ψ residual groups may be present in a linear combination
at the TeV scale:

U(1)′ = U(1)χ cos θ + U(1)ψ sin θ (3.4)

Different choices for θ are used in a variety of models which lead to Z ′ resonances with
different couplings and hence widths, cross sections, etc. (table 1 of [55]).

Baryon and lepton number non-conservation (e.g. proton decay) is a general consequence
of GUTs because of BSM vertices connecting quarks and leptons via new gauge bosons. As
such, viable GUTs require auxiliary mechanisms to make them compatible with increasing
lower bounds on proton decay rates. For example the current exclusion on the proton lifetime
below 1.6 × 1034 years by Super-Kamiokande [56] is 2-6 orders of magnitude longer than
expected by “vanilla” GUTs [57]. Supersymmetric GUT models can make use of symmetries
to protect baryon and lepton numbers (e.g. R-parity) but must also contend with additional
problematic operators induced by superpartners. On the other hand, in GUTs built on 5 or
6 spacetime dimensions it is possible to strongly suppress the baryon- and lepton-number
violating operators.

The idea of GUTs in extra dimensions is also inspired by the extra-dimensional landscape
of string theory. String theory is compelling for how naturally it accounts for quantum
gravity, yet it has proved difficult to probe experimentally2. So the string-GUT intersection
both extends the unification paradigm (to include gravity along with the SM gauge forces)
and presents a scenario connecting string theory to more testable phenomenology at energies
that can potentially be probed in collider experiments.

3.2.2 Extra-dimensional models

Models not reliant on string theory have also shown that extra spatial dimensions can
potentially address the hierarchy problem (eq. 3.1), particularly as it manifests in the relative
weakness of gravity. The n additional dimensions may have gone unnoticed if they are
sufficiently compactified, that is, confined to a small circle of radius R. In that case the
intuition for the weakness of gravity is that large-scale interactions only capture a small
fraction of the force’s field lines, as illustrated for n = 1 in figure 3.3a. If gravity is able

2Superstring theories, which account for elementary fermions in addition to bosons, do so by invoking
a form of supersymmetry on bosonic strings which arise naturally as spacetime vibrations. But since the
scale of supersymmetry breaking is not predicted, this feature is not easily falsifiable by collider searches for
supersymmetry.
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to propagate in the (4 + n)-dimensional bulk, Gauss’s r−1 potential becomes ∼ r−(1+n) on
distance scales comparable to R. Then it is possible that the separation mPl >> mEW of
the Planck mass from the electroweak scale at r >> R is due entirely to a subliminal factor
of R−n in the gravitational potential, whereas in the full 4+n dimensions the two scales are
in fact one. In limiting ourselves to Minkowski space we have been calculating an effective
Planck scale, failing to realize that its size implicitly factors in the geometry of additional
dimensions. This argument was the key idea introduced by Arkani-Hamed, Dimopoulos,
and Dvali (ADD) in 1998 [58]. For n = 2 extra dimensions the compactification radius R
to make this work was small enough to duck constraints of sub-mm gravitation at the turn
of the century. However subsequent tests of Newtonian gravity – recently down to 52 µm
[59] – have cast doubt on the n = 2 scenario.

(a)

(b)

Figure 3.3: Visual aids to the ADD (left) and RS (right) models. In (a) the compactified
n = 1 extra dimension is shown as a circular extension to the 4-dimensional spacetime
depicted as a straight line. The weakness of gravity in this case can be understood as the
small fraction of gravitational flux lines (green) which lie along the 4-dimensional SM fields
(red). In (b) the separation of two branes at endpoints of the extra φ dimension represent
the hierarchy between Planck and TeV scales generated by an exponential warp factor of
the 5-dimensional metric.

Inspired by the ADD model, Randall and Sundrum (RS) showed that a similar ex-
planation could be obtained with the addition of only one warped dimension φ [60]. The
extra dimension is likewise compactified on a circle to the segment φ ∈ {0, π}. In their 5-
dimensional spacetime, distances are measured by the following anti-de Sitter (AdS) metric:

ds2 = w(φ)2ηµνdx
µdxν +R2dφ2 , w(φ) = e−kRφ (3.5)

where k is the single fundamental energy scale of nature near the Planck scale. Unlike
the flat metric assumed in the ADD, here the exponential w(φ) warps Minkowski space in
the direction of φ. The warp factor allows small values of R to generate a large hierarchy
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between the strength of gravity at the two boundaries depicted in figure 3.3b: the Planck/UV
brane (φ = 0) and the TeV/IR brane (φ = π). The TeV brane is the 3-brane world of SM
interactions while gravity is again free to propagate in the 5-dimensional bulk. Consequently
“we” measure a scale of the gravitational field that is suppressed by factor exp(−kRπ) with
respect to its value on the Planck brane.

In ADD and RS models and their variations, fields propagating in the higher-dimensional
bulk manifest in 4-dimensional spacetime as an infinite series, or “tower” of massive modes
in a mechanism known as Kaluza-Klein (KK) reduction3. These modes arise because of the
periodic nature of the compactified extra dimension(s); they correspond to standing wave
excitations of the bulk field at characteristic frequencies. Since the solution to the hierarchy
problem requires that gravity inhabit the bulk the KK modes arising from the graviton are
a prime collider signature of compactified extra dimensions. In the ADD model the masses
mG
n of the graviton KK modes are evenly spaced by factors of 1/R whereas in the RS model

[63],
mG
n = ke−kRπxn , J1(xn) = 0 (3.6)

that is, spaced according to the roots of the J1 Bessel function. In both cases the modes
get heavier with more compactification (i.e. shrinking R). The first, lightest graviton mode
is a target for resonant production at the LHC through qq and gg production modes. It
corresponds to a narrow (sub-resolution) resonance with angular distribution characteristic
of a spin-2 mediator. This distinguishes the graviton signature from a spin-1 resonance as
does its ability to decay to γγ. In minimal models, the G→ e+e− decay channel has a ∼ 2%
branching ratio yet drives discovery because of superior mass resolution and SM background
modelling at multiple TeV [64].

Subsequent variations on the ADD and (particularly) RS models explore the possibility
of SM gauge and fermion fields cohabiting the bulk with the graviton. Strictly speaking,
only the Higgs field need be confined to the TeV brane to generate a Planck-TeV hierarchy.
This more general scenario is useful for explaining the fermion mass hierarchy [65]. In such
flavourful models the coupling of light SM fermions to graviton KK modes can be highly
suppressed (related to their Yukawa couplings), essentially squashing the qq → G and
G→ `+`− collider channels [63]. Decays through bosonic and top quark channels then play
a leading role. However even in these cases the fermions may remain weakly coupled to
KK modes associated with bulk gauge fields. The Z, W , γ, and g KK towers are highly
mass-degenerate, very narrow, and exhibit strong interference effects. The mass of their
overlapping lightest modes is of order 60% that of the graviton in simple extensions of the

3The name in fact dates back to the 1920s and an early attempt by Kaluza [61] to unify gravity and
electromagnetism in a 5-dimensional general relativity. It was Klein who further contributed the idea – now
foundational to string theory etc. – that the extra dimension may be confined to a small circle [62].
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RS model [66]. Hence a multi-TeV resonance with a spin-1 angular signature could also arise
from a warped extra dimension.

3.3 The nature of dark matter

A major indication for physics beyond the SM stems from the cumulative empirical case for
the existence of dark matter (DM). Current estimates suggest that DM comprises over 80%
of the total matter in our universe. While the first evidence for DM came from departures
in galactic rotation curves, the case has been further strengthened by observations of gravi-
tational lensing and by parameter estimation from acoustic modes of the cosmic microwave
background (CMB). A candidate for DM must be able to produce a gravitational effect large
enough to account for these astrophysical data while remaining non-luminous, effectively
transparent, and cold (i.e. non-relativistic). There are potential sources from macroscopic
objects (gas clouds and MACHOS) which can fit this description but these candidates are
hard pressed to meet the observed abundance and distribution of DM. On the other hand
theoretical solutions of modified Newtonian dynamics (MOND) on large distance scales
offer an explanation of galactic rotation curves without DM. However MOND does not ac-
count for lensing and CMB data, and the ramifications of replacing general relativity with
a modified classical description make the proposal dubious at best. The failure of these
alternatives has put the spotlight on candidates of non-baryonic DM as the most credible
explanation.

The current distribution of DM derives from its original (relic) density which “froze
out” as the universe cooled and particle species fell out of thermal equilibrium. The current
DM relic density is therefore a function of not only the expansion rate of the universe4, but
of the thermal average of the DM relative velocity v and its self-annihilation cross section
σχχ→SM [67]:

Ωχ ∝
T 3

0
〈v · σχχ→SM〉h2 (3.7)

where T0 is the temperature of the CMB, about 2.7 K [68]. Note that the value Ω for a
given matter type refers to its density relative to the critical density: Ω = ρ/ρcr (weighing
in all matter in addition to dark energy yields a total ratio near unity). Accounting for
contributions to DM from baryonic sources, then, the non-baryonic DM relic density is
extracted from a fit to the CMB anisotropy data, e.g. from Planck [69]:

Ωχ ' 0.26 (or Ωχh
2 ' 0.12) (3.8)

4Hubble’s constant enters equation 3.7 through the dimensionless “little h”, via H0 = 100·h (km/s)/Mpc.
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In the SM, the neutrino is the only conceivable DM candidate but is simply too light (and
hence fast) to fit the bill. Beyond the SM, several proposals exist for non-baryonic DM
which is sufficiently stable to persist on cosmological timescales and abundant enough to
produce the observed DM relic density. It is important to note that although DM could
in principle only interact gravitationally, postulating that it does couple weakly to other
particles offers the hope of directly detecting DM. This is the basis for the broad scenario
of a new weakly-interacting massive particle (WIMP), χ. In general the WIMP mass can
be in a large range of values from 2 GeV up until around 100 TeV where it reaches unitarity
bounds [70]. Part of why the WIMP is popular is because such a particle can arise in the
contexts of several extensions of the SM addressing problems independent of DM. This
is particularly true in SUSY where the lightest superparticle (LSP) makes an ideal DM
candidate – its stability ensured as a consequence of R-parity. But WIMPs can also be
accommodated in non-SUSY scenarios such as Little Higgs [71], Twin Higgs [72], and extra-
dimensional GUTs [73] which were mentioned in sections 3.1 and 3.2. The plausibility of
WIMP DM was further enhanced by the so-called WIMP miracle – the realization that
a particle with mass near the electroweak scale and weak-characteristic annihilation cross
section leads to a relic density surprisingly near what is expected from equation 3.7. The
WIMP is therefore both a suitable DM candidate and is a potential byproduct of various
extensions of the SM.

Figure 3.4: Complimentary experimental probes of DM.

So far, the existence of DM is inferred from observations of astrophysical systems, CMB,
and the large-scale structure of the universe. To more precisely discern the nature of DM
there are three complementary experimental approaches illustrated in figure 3.4. First, DM
annihilation could be indirectly observed though its influence on the energy spectra of cosmic
rays and neutrinos as measured by ground-based and atmosphere/space-based detectors. So
far these measurements remain inconclusive, although a persistent positron excess reported
by the AMS02 experiment [74] could be interpreted – though not uniquely – as a cosmic DM
annihilation signal. A DM signal would be less ambiguous if reported by direct detection
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Figure 3.5: Status of spin-independent (SI) DM exclusions from direct detection experiments
curated in the 2020 Review of Particle Physics [11].

experiments. Direct detection experiments are designed to observe DM from outer space
scattering in-situ off of atomic nuclei in the apparatus. Recent experiments have honed
a variety of techniques to detect minute scattering signals in the form of photons (LUX,
DarkSide, DEAP, PandaX, XENON), phonons/heat (CDMS, CRESST, EDELWEISS), and
ionization charge (DAMIC, NEWS-G). Figure 3.5 summarizes current upper bounds on DM-
nucleon scattering cross sections from these experiments. Lastly, collider-based experiments
are the third complementary approach of directly probing DM by creating it through colli-
sions of SM particles. The ATLAS collaboration probes a diversity of signatures related to
DM using LHC collision data. This includes searches for complete models such as SUSY,
specific scenarios such as sterile neutrinos, and generic signatures parameterized by effective
field theory (EFT) operators or through simplified DM models.

The lack of confirmation from direct-detection and collider experiments has inspired
new proposals for the nature of DM. One possibility is that DM does not partake in any
SM interactions, but only interacts with a hidden dark sector of particles. Some of the
other dark sector particles, such as a new mediator, may have SM couplings. In this case
DM would be accessible at the LHC through a dark mediator “portal”. Directly searching
for a new mediator with weak couplings to SM fermions is therefore a probe of the dark
sector scenario. Recent iterations of relevant searches with ATLAS and CMS have employed
simplified models to connect cross-experiment multi-channel results to the range of param-
eter configurations within this context [75, 76]. The latest bounds on high-mass dilepton
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resonances have an important bearing on the DM mediator interpretation as expounded in
section 9.4.

3.4 Dilepton resonances

A summary of how the signature of a dilepton resonance is possibly connected to the BSM
scenarios discussed above is shown in figure 3.6. Each scenario in general may have specified
or preferred coupling structure and mass, width values etc. of the new mediator, but a search
for generic dilepton resonances remains broadly sensitive across such differences. The basic
parameterization of a new gauge boson Z ′ coupling to a SM fermion field f is captured in
the following Lagrangian [55]:

L′ = g′Z ′µfγ
µ(εfLPL + εfRPR)f (3.9)

= g′V Z
′
µfγ

µf − g′AZ ′µfγµγ5f (3.10)
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where PL/R are the chiral projection operators defined in (2.23) and the Z ′ − f couplings
g′ and εf are related as follows:

g′V/A = g′

2 (εfL ± ε
f
R) (3.11)

The V and A denote the equivalent parameterization in terms of a new neutral vector or
axial-vector current. The differential cross section with respect to the total 4-momentum
squared of the s-channel production/decay qq → Z ′ → ff has the form of a Breit-Wigner
distribution:

dσ

ds
∝ 1

(s−M2
Z′)2 +M2

Z′Γ2
Z′

(3.12)

where MZ′ is the mediator mass and ΓZ′ is its width associated with this decay mode. Note
that s in this case is simply the square of invariant mass of the final state fermions. The width
of the resonance and its proximity in mass to other (e.g. SM) resonances determines the
degree of interference which would augment (3.12), discussed in section 2.4.1. The width,
in turn is dependent on the Z ′ couplings. What this means is that the differential cross
section can not exactly be varied independently of the width and vice versa. This presents a
technical challenge in fits to data which attempt to extract a cross section (i.e. best-fit signal
size) since the resonance width and by extension interference effects vary together with it.
However, the interdependence can be shut off by considering resonances with infinitesimal
widths. In practice, this narrow width approximation (NWA) is made also for resonances
with Γ 6= 0 with an error that goes like O(Γ/M) [81]. The NWA is equivalent to the limit
where the s-channel mediator is always on-shell and the Breit-Wigner distribution (3.12) is
replaced with a delta function.

In the narrow width approximation, and assuming no threshold effects the width can
be determined for a given coupling configuration as follows:

ΓZ′ = 1
12πNc

[(
gfV
)2 +

(
gfA
)2]

MZ′ (3.13)

where Nc is from the sum over colors of the fermion (i.e. just 1 for leptons). Hence the
relative width ΓZ′/MZ′ is a constant for models with fixed couplings.

Flavour-universal Z ′ fermion couplings are a frequent assumption although there are
many models of generation-dependent couplings. An extended gauge sector which assigns
generation-dependent charges necessarily introduces flavour-changing couplings which must
contend with precision electroweak constraints [82]. This is more viable for enhanced third-
generation couplings (e.g. Z ′ → tt), whereas for the search presented in this thesis, lepton
flavour universality is assumed when combining the electron and muon channels.
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Chapter 4

The ATLAS detector at the LHC

What is today the largest particle detector ever built, installed at the world’s most powerful
particle collider, is the culmination of several decades of planning and construction by a
global community of physicists and engineers. The proportions of the LHC were constrained
by the decision to reuse the existing 27 km tunnel of the CERN Large Electron Positron
(LEP) accelerator. With the bending radius fixed, the more than two orders of magnitude
increase in beam energy is a reflection of advances in superconducting magnet technology
(entering through equation 2.46) and decreased synchrotron radiation losses of protons
compared to electrons. It took over a decade from initial discussions of the LHC in 1984
until the project was approved by CERN in the end of 1996.

Initial proposals around the late 1980s for general purpose experiments at the LHC
converged around two distinct layouts for magnetizing the muon subdetector: toroidal versus
solenoidal [83]. A guiding concern was muon momentum resolution on which would hinge the
potential to reconstruct a H → 4µ signature. The projected luminosity and centre of mass
energy of the LHC called for detectors with unprecedented performance in terms of timing,
granularity, radiation hardness, and resolution. ATLAS – A Toroidal LHC ApparatuS –
was the merger of two earlier designs both based on a toroidal magnet system. The choice
of air-core versus iron-filled toroidal magnets for the muon detector is mainly what led to
the enormous size of the ATLAS detector. This is in contrast to the design of what would
become the complementary general-purpose experiment, Compact Muon Solenoid (CMS),
which is built around a single solenoidal magnet contained in an iron return yoke. In addition
to their unique muon and magnet systems, the ATLAS and CMS detectors are distinct on
numerous levels, such as their important differences in calorimeter design.

4.1 Overview of ATLAS and the LHC

The LHC and its experiments thus came to be what is now the world’s premiere facility for
directly probing fundamental physics at the high energy frontier. The LHC is primarily a
proton-proton collider but also dedicates runtime for colliding beams of heavy ions (Pb and

47



Figure 4.1: Cutaway of the ATLAS detector, with figurines for scale. Some conspicuous parts
that are not labeled include: octagonal radiation shields (dark grey) between the large and
outer muon wheels; at the very top, L-shaped extensions of the endcap toroid cryostats that
connect to flexible liquid helium supply lines (not shown); feet and rail system (dark grey)
built from non-magnetic steel. Figure taken from [84].

recently Xe). The first LHC collisions in late 2009 involved proton beams of 3.5 TeV – more
than tripling the record of its predecessor the Tevatron. The dataset analysed in this thesis
concerns the LHC Run 2 when protons were colliding with

√
s = 13 TeV centre-of-mass

energy. Four large experiments operate on the LHC beamline: ATLAS, LHCb, CMS, and
ALICE. The LHCb detector is optimized to measure CP violation, decays of b hadrons, and
exotic QCD bound states. The ALICE detector is geared to study properties of quark-gluon
plasma, for which Pb-Pb collisions play a central role. The ATLAS and CMS experiments
were designed to facilitate a wide range of analyses, most importantly searches for the Higgs
boson and BSM physics.

The ATLAS detector lies 100m underground at the LHC point 1, just outside Meyrin,
Switzerland. It has a cylindrical geometry (figure 4.1) which is 25 m in diameter and 46 m
long, weighing in at approximately 7 × 106 kg. Its interface with the LHC is through the
0.8 mm thick wall of a beryllium beam pipe segment centred on the interaction point.
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The opposing LHC proton beams circulate in separate pipes side by side1. Upstream
from the interaction point, the beams are bent inward and dramatically focused so as to cross
through each other at the centre of the ATLAS detector, swapping sides as they exit. The
beams are not continuous but each consist of 2808 proton bunches equally spaced to arrive
simultaneously at the collision point every 25 ns. The bunch configuration achieves good
energy coherence of the beam particles by constraining their velocity dispersion to sync with
the oscillating potential gradient in the RF cavities. To maximize collision rate, the beams
are also focused to intersect in a luminous region which in Run 2 was around 34-44 mm in
length and 7-14 µm in width on average. When this compression was consistently the highest
in 2018 it resulted in 36 proton collisions per bunch crossing (pileup). At this rate, since
each bunch contains ∼ 1011 protons, the bunches can be reused for several hours during a
single LHC fill. The corresponding instantaneous luminosity is then highest at the beginning
of a fill, when in Run 2 it reached and at times doubled the target of 1034 cm−2s−1.

4.1.1 Coordinate system and kinematic variables used in ATLAS

The ATLAS detector is described using a right-handed coordinate system oriented such that
z lies along the beamline, x points to the centre of the LHC, and y points perpendicular
to both, nearly vertically2. The x-y plane is referred to as the transverse plane and is also
parameterized in terms of the azimuthal angle φ and the radial distance r from the beamline.
The polar angle θ is measured from the positive z-axis and used to define the pseudo-
rapidity variable η ≡ − ln tan(θ/2). As its name implies, the pseudo-rapidity is a proxy for
the rapidity (for boost in the z-direction) that is used because it is can be calculated using
θ. For massless particles and for ultrarelativistic particles the two are interchangeable. The
variables η and φ form an orthogonal basis for describing the set of rays emanating from the
origin. Particle tracks, in general, are not straight lines because they undergo bending and
multiple scattering in ATLAS, so (η, φ) coordinates are assigned according to their initial
trajectory from the primary vertex. Distances in η − φ space are measured as follows:

∆R ≡
√

∆η2 + ∆φ2 (4.1)

A fixed ∆R defines a cone with its apex at the origin which is typically used to define the
neighborhood of a given track (or energy deposit) in η − φ space.

Because it is not known how much of the 6.5 TeV proton energy was carried by any
given parton, the net momentum of the final state in the longitudinal direction is generally
nonzero. On the contrary, the incoming partons have negligible momentum in the transverse

1This is one engineering drawback of a pp collider. A pp collider, by contrast, is able to circulate beams
using the same beampipe and magnets.

2The ATLAS detector is inclined by 1.24% with respect to the horizontal to match the LHC beamline.
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plane3, so it is justified to assume the final state momenta will therefore sum up to zero in
this plane. The component of a particle’s momentum that lies in the transverse plane, ~pT , is
therefore of particular significance in pp collisions. A nonzero sum of the transverse momenta
of all final state particles is known as missing transverse momentum, Emiss

T ≡ −|Σ~pT |. The
symbol is owing to an unfortunate conflation with the slightly distinct quantity called
missing transverse energy, i.e. “MET”. To be precise, the transverse energy, (which itself
is an awkward term) is defined as E2

T ≡ p2
T + m2, but for highly relativistic particles the

mass can be ignored. If all visible particles were measured accurately, missing transverse
momentum in an event implies the presence of an undetected particle, either a neutrino or
a BSM particle. Events with large Emiss

T are therefore selected by many BSM searches.

4.2 Magnet system

As mentioned above, the gigantic toroidal magnet system is a defining feature of the ATLAS
detector. More precisely, ATLAS has four separate magnets: a solenoid enveloping the inner
detector, a toroidal magnet in the barrel region of the muon spectrometer (MS), and a
separate toroidal magnet for each of the two MS endcaps. The magnets have an air core
which space is ultimately occupied by other detector components. In the MS this choice
greatly helps minimize dead material in order to reduce multiple scattering of muons. Table
4.1 compares the main specifications of the three magnet systems.

The magnetic field in ATLAS ( ~B) plays the vital role of bending the trajectories of
charged particles emanating from the collision point. Their maximum deflection ∆s from
straight lines, known as sagitta, is then a measure of their inverse momentum:

∆s ∝ q

p

∫
~B · d~̀ (4.2)

Accurate measurements of high-momentum particles is therefore achieved using magnetic
fields which are large both in field strength (bending power) and spatial extent (lever arm).
For the physics goals of ATLAS this would include particle momenta of up to ∼ 1 TeV. The
strongest of the magnet systems, the solenoid, covers the region surrounding the ATLAS
Inner Detector (ID). The resulting axial field serves to reconstruct tracks of charged parti-
cles which is crucial for distinguishing track vertices and to measure isolation, identification,
and kinematics. Since muons are not absorbed by the calorimeters their momentum mea-
surement relies almost entirely on track sagitta (section 5.2). This measurement is enabled
by further bending in the MS which extends the lever arm far beyond what the solenoid
provides. The toroidal field in both barrel and endcap regions lies along the φ direction.

3Assuming that possible contributions induced by initial state radiation are observed and accounted for.
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Hence a muon traveling initially perpendicular to the beamline bends first in the φ direction
while inside the solenoid and then once inside the toroid bends in the z direction.

magnet inner radius outer radius length peak field
in windings

avg. field
in volume

solenoid 1.23 m 1.28 m 5.8 m 2.6 T 2 T
barrel toroid 4.70 m 10.05 m 25.3 m 3.9 T 0.5 T
endcap toroids 0.83 m 5.35 m 5.0 m 4.1 T 1 T

Table 4.1: Important parameters of the three ATLAS magnet systems. Specifications from
[85].

The eight individual coils which form the barrel toroid are of size 25.3 m by 5.35 m,
making the entire structure the largest superconducting magnet system in the world. Each
endcap toroid is also formed by eight smaller coils arranged to interleave with the barrel
coils. Table 4.1 lists the approximate field strengths permeating the regions defined by
columns 2-4. Superconducting magnets are the only feasible way to achieve such large fields
over such large volumes. Strands slightly thicker than 1 mm of the superconductor NbTi
are reinforced with copper and aluminum to form the current-carrying coils of the ATLAS
magnets. At their nominal operating temperatures of 4.2 K and 4.7 K the solenoid and
toroid systems conduct 7.73 kA and 20.5 kA of current, respectively. The low temperature
is maintained by a liquid helium cryostat fed by supply lines connecting to the surface hall
above ATLAS. An array of probes installed inside the solenoid and MS systems measure a
map of the magnetic field in these regions which is then used in the path integral in equation
4.2.

4.3 Muon spectrometer

The ATLAS Muon Spectrometer (MS) detects and tracks muons exiting the calorimeters
which are deflected within the toroidal magnet systems. The functions of the MS are to
trigger on and identify muons, help determine their charge, and ultimately measure their
momentum up to and beyond 1 TeV. Since the toroidal magnetic field runs in the φ direction
it induces track curvature in a bending plane spanned by r and z at constant φ. For example,
the track of a muon with a transverse momentum of 1 TeV accrues a sagitta of roughly
∆s = 500 µm before leaving ATLAS. A design goal of the MS was to enable the measurement
of such a muon’s 1 TeV momentum within 10% uncertainty or better. At lower momenta
of 10-200 GeV the MS achieves (on its own) a resolution of ∆pT/pT = 4− 5% [86].

The MS comprises the outermost and largest subdetectors, being chiefly responsible for
the size of ATLAS. There are three concentric MS barrel layers, three endcap layers per
side, and a single annular layer to help cover the η range in transition between them. The
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innermost MS endcap layers, known as the “small wheels”, have a diameter of approximately
9.3 m and are sandwiched on each end between the endcap calorimeter and the endcap
toroidal magnets. Next, right outside each endcap toroid is a stack of four muon wheels
called “big wheels” because of their 25 m diameter. Finally the pair of 23 m diameter
“outer wheels” are installed a distance of z = 21.5 m away from the interaction point. It is
ironic that the name “wheel” is used for a structure designed to be completely stationary
during operation. More than one detector technology is used to meet performance goals in
the different regions of the MS: 2 types of muon “chambers” are used for precise position
measurement and 2 types for fast triggering. All four types are gas-based detectors making
them suitable for coverage over a large area.

The projection of muon tracks in the bending plane are reconstructed using hits (i.e.
energy deposits) in Monitored Drift Tube (MDT) chambers. This is the one type of chamber
where the gas volume is segmented. The MDTs cover |η| < 2.7 except in the forward region
(2.0 < |η| < 2.7) of the innermost MS layer where muons encounter Cathode Strip Chambers
(CSCs) instead. The CSCs also provide good spatial precision but are able to handle rates
over six times that of the MDTs, making them suitable for the forward environment. Table
4.2 lists the spatial resolution of both types of precision tracking chamber. In order to
precisely measure sagitta within the bending plane, MDT chambers are finely segmented
in z in the barrel region and r in the endcap. They provide φ only coarsely, through the
chamber position. The CSCs, which are arranged in an endcap geometry, are likewise finely
segmented in r but also in φ.

resolution (RMS)
type # chambers coverage bending plane (z or r) timing
MDT 1150 |η| < 2.7† 35 µm -
CSC 32 2.0 < |η| < 2.7 40 µm 7 ns
RPC 606 |η| < 1.05 10 mm 1.5 ns
TGC 3588 1.05 < |η| < 2.4 2− 6 mm 4 ns

Table 4.2: Per-chamber resolution of the tracking (upper rows) and timing (lower rows)
muon chambers. †CSC chambers replace MDT chambers in the innermost layer forward
region. In actual measurements these figures are degraded by alignment (spatial) and elec-
tronic (timing) uncertainties. Data taken from table 32 in [85].

The lower two rows of table 4.2 correspond to the two types of fast timing chambers
used in the MS. Resistive Place Chambers (RPCs) are used for the barrel region (|η| < 1.05)
and Thin Gap Chambers (TGCs) are used for the endcap wheels (1.05 < |η| < 2.4). The
purpose of these chambers is to time muon hits with a resolution of a few ns for triggering
and determining which bunch-crossing they come from. This level of timing is not possible
with MDTs because of limitations from drift time. In addition the timing chambers provide
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a more precise measurement of the track φ coordinate which is then used together with the
bending-plane coordinate measured by the precision chamber hits.

The TGCs are multiwire proportional chambers with a small (1.8 mm) inter-wire spacing
and large nearly 3 kV potential gradient to ensure signals arrive within 25 ns in 99% of cases.
In order to provide a bending plane measurement, the wires in each chamber are tangent to
the φ direction. In front and behind the wires, the gas volume is bounded by two carbon-
coated cathode planes, segmented on the backside with copper “pick up” strips. The strips
run in the r direction and therefore provide a measurement of φ. Two types of TGC modules
are used in the different MS wheels: “doublets” and “triplets” which comprise stacks of two
or three wire chambers.

The RPCs, for triggering in the barrel, are the only type of chamber not using wires.
Instead tracks ionize a gaseous cavity separating two parallel plates coated in a resistive
plastic laminate. The resulting charge avalanches induce a signal on a longitudinal array
and a transverse array of metal strips, one on the opposite face of each plate.

4.3.1 Closer look at monitored drift tubes

The MDT technology responsible for tracking muons in the bending plane in most of the
MS achieves high spatial resolution in combination with large-area capability, mechanical
stability, and reliability. There are a total of 656 rectangular MDT chambers in the barrel
region and 494 trapezoidal ones in the endcap. Each contains between 12 and 72 aluminum
drift tubes packed side by side. The 3 cm tubes are filled with a 93% Argon and 7% CO2

gas mixture (with a few hundred ppm of H2O) which is pressurized at a moderate 3 bar
(43.5 PSI). Along the centre of each tube a 50µm gold-plated W/Re wire is strung and held
at a potential of 3080 V. An incident muon traveling perpendicular to the tube ionizes the
gas mixture along a chord of the tube circumference. The line of liberated charges drifts
radially along the electric field lines between tube and wire, resulting in a spread of arrival
times. In the process the large potential difference amplifies the original signal by a gain
of roughly 20000, resulting in a 99.8% efficiency for a tube to register a minimally-ionizing
muon hit [87].

4.3.2 Muon spectrometer alignment

Muon momentum resolution is affected by a number of variables, including the energy
a muon deposits in the calorimeters and the multiple scattering it experiences in the MS
(discussed further in section 5.2). Another source of uncertainty, directly affecting the spatial
resolution, is that of the imperfect alignment of the more than 1000 muon spectrometer
chambers. For the stiffest tracks at high-pT, relative alignment thus becomes the dominant
source of uncertainty in the momentum measurement. To mitigate this impact a precision
goal was set at 30-40 µm for alignment of the MS. It is not difficult to appreciate the
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challenge of determining relative positions of muon chambers to within the width of a
human hair across the free-standing 23 m diameter outer wheels of ATLAS.

The alignment of the MS is extracted in real-time using an optical alignment system.
The optical alignment system comprises a network of over 12000 CCD and CMOS sensors
which each observe an illuminated reference target through a lens. Misalignments on the
sensor-target span are measured through the distortion of the observed versus reference
image. Optical components within a muon chamber measure its local distortion while those
connected between chambers reconstruct relative alignment throughout the MS. The align-
ment reconstructed by the optical system is combined with constraints from track-fitting
of data collected in designated (pp and cosmic ray) runs with the toroidal magnetic field
turned off. In this case actual chamber positions can be calibrated by exploiting the fact
that muon hits in the MS should form straight tracks (aside from multiple scattering, which
is averaged out). This procedure has been done most recently for data collected during a
special run in 2017 [88].

4.4 Inner detector

At the heart of the ATLAS detector, the first thing that particles encounter beyond the beam
pipe is the Inner Detector (ID). The function of the ID is to precisely measure coordinates of
particle hits and thereby reconstruct tracks while minimally obstructing them. For charged
particles this translates into a momentum measurement via equation 4.2, given that the
ID is immersed in the 2 T field of the solenoid magnet. Besides reconstructing particle
3-momentum vectors, information from the ID is critical to resolve neighboring interaction
vertices and displaced secondary vertices.

The entire ID defines a cylinder just over 7 m long and 2.3 m in diameter, covering
particle tracks within |η| < 2.5. It is made up of three detector technologies arranged
coaxially in the barrel and sequentially in the endcap regions. Figure 4.2 is a schematic of
the ID barrel region. The innermost layers of the ID serve the vital role as the nearest point
of reference to the primary interaction vertex. Silicon pixels are therefore chosen for this
task. This choice of fine granularity requires a large bandwidth which is the main reason
they are used only up until r = 12.25 cm (z = 30.92 cm in the endcap), beyond which
the silicon sensors are segmented into microstrips. Finally, the outermost part of the ID,
the transition radiation tracker (TRT), is made of gas-filled straw tubes. The ID, and in
particular its innermost layers, faces the challenge of operating in the most radiation-harsh
region of the ATLAS detector besides the forward calorimeter [90]. The sensors have been
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Figure 4.2: Closeup of the ATLAS Inner Detector barrel showing the IBL, Pixels, SCT, and
TRT regions. This is figure 1 of [89].

designed to operate up to 2× the anticipated irradiation prior to being replaced by a new
inner detector during the LHC Long Shutdown 24.

Both Pixel and SCT detector sensors are based on an n-type silicon bulk. The actual
pixels are a pattern of n+ implants, which deal well with type-inversion from radiation,
whereas strips are made of p-type regions. A refrigeration system is integrated into the
support structure of the Pixel and SCT subdetectors to cool their Si sensors to around
−7◦ C, with the purpose of reducing noise due to irradiation.

4.4.1 Pixel detector

During the preparations for Run-2 in 2014, the pixel detector was prepended by the In-
sertable B-Layer (IBL) to enhance performance, in particular vertex reconstruction (see
[91]). The IBL layout is cylindrical, and with a diameter slightly larger than a pop can
(6.65 cm) it lies very close to the LHC beamline. Though it has no endcap modules the
IBL contributes to tracking out to |η| < 3. Fourteen staves (rectangular support structures)
run along its roughly 7 m length, each supporting 20 modules which house radiation-hard
silicon pixel sensors. The sensors are finely segmented with a pixel size of 50× 250 µm2 in
φ× z.

4The foreseen degradation of the innermost “B-Layer” of the Pixel detector was partly compensated by
the insertion of a smaller layer, the IBL.
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Compared to the IBL, the subsequent barrel layers of the Pixel detector are comprised
of sensors with a pixel size that is longer in the beam (z) direction: 50 × 400 µm2 in the
beam direction. In total, 1744 silicon pixel sensors are distributed over the 3 barrel and 3+3
endcap layers. Table 4.3 compares the number of readout channels for the IBL and Pixel
along with the other ID subdetectors.

Subdetector Sensor Granularity Size Modules Channels
IBL Si pixels 50× 250 µm2 0.1 m2 Si 280 12M
Pixel Si pixels 50× 400 µm2 1.8 m2 Si 1744 80M
SCT Si strips 80µm (avg. in endcap) 60 m2 Si 4088 6M

TRT drift tubes 7 mm 12 m3 vol. (3× 32)
+(2× 20) 350k

Table 4.3: Comparison of the ID subdetectors.

4.4.2 SCT: Silicon microstrip tracker

The silicon microstrips in the SCT have a pitch (i.e. inter-segment length) of 80 µm in
the barrel and ranging between 56.9 µm and 94.2 µm in the endcap. Moving from silicon
pixels to strips dramatically reduces the number of readout channels (from 44M channels
per m2 of Si down to 100k according to table 4.3). In order to allow spatial resolution in the
direction parallel with the strips, sensors are housed back-to-back on modules at a small
relative stereo angle of 40 mrad. Once installed the strips are oriented along the beam axis
in the barrel and roughly radially in the endcap. This arrangement enables each module to
have a spatial resolution of 17 µm in the bending direction of the solenoid magnetic field
(compared to roughly 580 µm resolution in the longitudinal coordinate).

4.4.3 TRT: transition radiation tracker

The basic unit of the TRT is similar to that of the muon MDT detectors: gas-filled drift
tubes. Because of their smaller 4 mm diameter they are also referred to as “straws”. The
essential ingredients for each unit are the Kapton straw coated on the inside with the
aluminum cathode (at −1.53 kV), a 31 µm gold-plated tungsten central anode wire, and
the 70% Xe + 27% CO2 + 3% O2 gas mixture in between. This configuration produces a
gain of factor 25000 on the ionization signal. The drift time measurement enables a spatial
resolution per straw of ∼ 130 µm – much smaller than the inter-straw separation. The
barrel region is formed by three sectors each containing 32 modules for a total of 52,544
straws running parallel to the beamline. The endcaps each contain 20 modules in the shape
of disks for a total of 122,880 straws aligned with the radial direction.

In addition to large-area precision tracking, the TRT helps identify particles by providing
both transition radiation and dE/dx information [92]. When passing through polymer fibres
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(foils in the endcap) in the space between the straws, charged particles traverse layers of
material with alternating dielectrics which induces the transition radiation. The energy of
the radiated photons is dependent on the relativistic factor γ = E/m. Electrons, with their
comparatively small mass, therefore radiate photons with typically higher energy than pions
(8−10 keV vs. 2 keV on average [93]), and also radiate more photons on average. The result
is a larger ionization signal in the TRT associated with electrons, due to their increased
transition radiation losses, which helps distinguish them from pions. The choice of Xenon
in the straws is for its high absorption of transition radiation photons which have X-ray
wavelengths. A separate high threshold readout is used in addition to a low threshold one
to determine which hits include an ionization signal from associated transition radiation.

Information about the rate of energy loss by a particle, dE/dx, is measured using timing
information. This quantity is derived from the absolute width of a particle’s ionization
signal, which is measured using its “time over threshold” (ToT). In order to measure ToT,
the signal from the straw is monitored every 3.12 ns over a period of 3 consecutive bunch
crossings to determine the time interval between crossing above and falling below the low
threshold. A separation in ToT for electrons and pions reflects their different dE/dx and is
most useful for discrimination in the pT < 10 GeV range.

4.5 Calorimeters

Once tracked in the ID, the vast majority of known particles besides muons and neutri-
nos come to an end by being completely absorbed in the calorimeter system of ATLAS.
While tracking detectors attempt to measure particle momenta with minimal energy loss,
calorimeters deliberately induce energy deposition of particles in the form of particle show-
ers. This is essential for accurately measuring the energy of electrons and, in particular,
photons which are invisible to the ID (unless they convert). Calorimeter cells also enable
measuring the total energy of jets as a sum over the energy deposits generated by their
constituent hadrons. The ATLAS detector uses sampling calorimeters, which means they
are composed of layers of absorbing material, which instigate the particle shower, separated
by sensitive/active layers which incrementally “sample” the shower energy.

The combination of an electromagnetic (ECAL) and a hadronic (HCAL) calorimeter
is used in ATLAS to help distinguish showers produced by objects containing strong color
charge (i.e. hadrons) from those which do not (photons and electrons). The ECAL is the next
subdetector beyond the ID, and immediately surrounds the solenoid magnet in the barrel
region. Then follows the HCAL. These two systems cover up to |η| < 3.2, having both
barrel and endcap regions. Both are segmented in φ as well as the longitudinal coordinate
(z in barrel, r in endcap) to give information about the direction and spatial distribution
of a shower, which is also important for determining whether it was an electromagnetic or
hadronic shower. Finally, a separate calorimeter system, the FCAL, is dedicated to covering
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the highly active forward region. While the HCAL barrel uses scintillating tiles as the active
medium for sampling, the rest of the calorimeter regions of ATLAS employ Liquid Argon
(LAr). Figure 4.3 shows the integration of these subdetectors which will be described further
in the following sections.

Figure 4.3: The LAr- and tile-based ATLAS calorimeter subdetectors. This is figure 1.3 of
[85].

Electromagnetic showers

The energy loss of electrons (and positrons) and photons passing through material is domi-
nated by the following processes, listed in order of increasing energy of the incident particle
([23], section 33.4):

electrons/positrons: positron annihilation, Møller and Bhabha scattering, ionization,
bremsstrahlung

photons: photoelectric effect, Compton scattering, e+e− pair production

Above 10 MeV, electrons and positrons lose energy predominantly by bremsstrahlung (roughly
proportional to energy) while photons by e+e− pair production. The interactions are in-
duced by the fields of stationary atoms in the material where they appear as branching
events e± → e±γ and γ → e+e−. Successive branches give rise to the tree-like distribution
of secondary particles comprising an electromagnetic shower. For a given material, electro-
magnetic branching can be modelled as occurring stochastically with characteristic length
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scales X0 (radiation length) and λ0, respectively (following Grupen & Shwartz [94]):

bremsstrahlung: − dE

dx
≈ E

X0
=⇒ E(x) = E0e

−x/X0 (4.3)

pair-production: dw

dx
= e−x/λ0

λ0
(4.4)

where the pair production length turns out to be about λ0/X0 ' 9/7, so slightly longer than
the radiation length for electrons. But the qualitative picture is clear: (1) after penetrating
a distance ∼ X0 on average, a high energy electron radiates a photon carrying off a fraction
of its energy; (2) the photon travels a distance λ0 ∼ X0 before creating an electron-positron
pair; the process repeats for each new branch. Because both processes are forward-peaked,
the lateral development of electromagnetic showers is mainly due to multiple (Coulomb)
scattering, making them characteristically narrow. Each branching epoch represents a suc-
cessive division of the shower’s energy until it drops below some critical energy threshold Ec
where absorption processes such as ionization and the photoelectric effect begin to dominate.
Since branching drops off rapidly at this stage, it is referred to as the shower maximum. At
this stage the number of current particles is approximately N = 2xmax/X0 . For x > xmax,
the electron/positron branches are mostly absorbed while photons will travel for up to an
additional nine radiation lengths to deposit 95% of their energy. In the interest of absorbing
all the energy of the shower, electromagnetic calorimeters are typically designed to present
at least 14−16 X0 of absorber material (where X0 is material-specific). It is also important
for a calorimeter to be wide enough to enclose the shower’s lateral distribution. About 99%
of an electromagnetic shower is found to be contained within 3.5 RM , where the Moliere
radius RM ' X0 · (21 MeV)/Ec [23].

Hadronic showers

Because of their relatively larger mass, charged hadrons experience minimal energy losses
due to bremsstrahlung. Instead, branching is primarily induced through inelastic hadronic
interactions on the nuclei of the absorbing media. The characteristic length scale separating
these branching events is the nuclear interaction length λI which is usually longer than the
electromagnetic radiation length for a given material5. For example, in lead X0 = 0.56 cm
while λI = 17.1 cm. As a result, hadronic showers are longer than electromagnetic ones.
The nuclear interactions responsible for branching can include large transverse momentum
exchange, meaning that hadronic showers are also typically wider than electromagnetic
showers.

Pions account for a large fraction of the branches in a hadronic shower, and one third
of them on average are neutral pions. They (and other secondary hadrons) complicate the

5See table 6.1 of [11]; note the opposite is true for the first four elements.
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picture by generating two additional types of branching through their electromagnetic (π0 →
γγ) and weak (e.g. π+ → µ+νµ) decays. Production of photons above the pair-production
critical energy causes a fraction of the hadronic shower to turn into an electromagnetic
shower. Weak decays, on the other hand, can cause energy fluctuations that escape the
shower in the form of muons and neutrinos. Finally, some of the energy released through
hadronic interactions is “invisible” to the calorimeter: low-energy neutrons, delayed gamma
radiation, and binding energy in nuclear reactions. These sources are must be accounted for
in energy calibration of a hadronic calorimeter6.

4.5.1 LAr-based calorimeters

The active medium in the ECAL, the HCAL endcap, and the FCAL is chosen to be LAr for
its radiation hardness and charge mobility. All these LAr calorimeters sit in three different
toroidal aluminum cryostats, one for the barrel and one for each of the two endcaps. The
cryostats are two-walled with a vacuum in-between like a thermos bottle, maintaining a
temperature of −183◦C.

A calorimeter measures energy by summing over either ionization charge released in the
sampling layers or photoelectrons from a scintillating active medium7, which have different
response but are both proportional to the incident energy E. Since higher energy showers
contain more particles (N ∝ E), they lead to a larger electrical signal and therefore better
relative energy measurement. This corresponds to the

√
E (stochastic) term in the following

expression for the relative energy resolution:

σE
E

= a
1√
E
⊕ b

E
⊕ c (4.5)

where a, b, and c are constants. Electronic noise is a main contributor to the second term.
The final term, called the constant term, accounts for things such as imperfections in
calorimeter construction and calibration, electronic readout, and losses due to dead ma-
terial.

ECAL: accordion geometry

The ECAL uses LAr for active material in between absorbing layers of steel-reinforced lead.
Instead of lying flat as pancakes, they are folded into an accordion (i.e. triangle wave)
geometry which makes for tight coverage in the azimuthal direction. The barrel (endcap)
LAr calorimeter can be visualized by taking large planar copper electrode-spacer-lead/steel-
spacer sandwiches, folding them in a zigzag pattern with creases along the z (r) direction,

6It is also possible to partially compensate for invisible neutron energy by introducing fissionable material
such as Uranium to convert it into (visible) photons.

7In fact LAr responds in both ways, though only the ionization signal is used in ATLAS.
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and then stacking them along the φ direction to sweep out a torus. The spacer is a hexagonal
grid which the LAr fills and across which runs a 2000 V potential gradient. This is where
ionization and charge collection happens during shower sampling. Each sandwich being
only several millimetres thick, it takes 1024 layers to wrap around each ±z half-barrel. The
copper electrodes are segmented into 3 layers that run approximately in the direction of
the shower depth (except the ECAL endcap has only 2). Furthermore each depth region
is segmented in η: layer 1 with 8 times the granularity of layer 2, which has 2 times the
granularity of layer 3 (except at edges and for ECAL endcap).

The ECAL barrel is divided in φ into 32 modules per ±z side, each module being
instrumented into 3424 readout cells. Each ECAL endcap is made of an inner and outer
torus-shaped wheel each divided into eight azimuthal modules. Adding up the modules all
around on both sides, the endcap pair contains a total of 1024 folded absorber sheets. The
ECAL is at least 22 X0 in the barrel and at least 24 X0 in the endcap, meaning that in most
cases photons and electrons/positrons will be completely absorbed. To accurately measure
and account for energy loss of incoming particles prior to showering (i.e. E0), a thin (11
mm) LAr ionization presampler sits immediately inside the ECAL barrel, with four times
the azimuthal granularity. There is also a 5 mm presampler in front of each ECAL endcap
which provides needed spatial resolution for distinguishing pairs of collimated photons (from
π0 or possibly boosted Higgs decays) from single photons.

HCAL endcap (HEC): pancake geometry

LAr is used asthe active medium in the HCAL endcaps (HECs) because the scintillating
tiles used in the HCAL barrel are not suitable for the higher radiation doses there. Unlike
the ECAL design, the HEC is based on copper plate absorber layers stacked in a “pancake”
geometry. Copper is preferable to lead in the HCAL for its shorter nuclear interaction length
λI (though in terms of radiation lengths X0, lead is about twice as dense). Beginning at
z ' ±4.25, a 81.7 cm deep front wheel containing 24 absorber layers is followed by a 96.1
cm deep rear wheel with 16 layers. The layers inside the two wheels are 25 mm and 50 mm
thick copper, respectively. The LAr-filled separations of 8.5 mm contain a central electrode
used for readout surrounded by outer ones carrying an 1800 V potential. This configuration
helps reduce charge buildup. The readout electrodes are segmented into ∆η×∆φ = 0.1×0.1
pads for 1.5 < |η| < 2.5 and 0.2×0.2 from there out to |η| = 3.2. Much of the HEC overlaps
in z with the smaller FCAL.

FCAL: honeycomb geometry

Situated 4.7 m from the interaction point and in 3.1 < |η| < 4.9, the FCAL experiences high
particle flux which can cause charge over-occupancy in LAr sampling layers. Nonetheless
it is important to maintain calorimeter coverage of this region for Emiss

T and forward jet
(e.g. VBF) performance. Therefore, to shorten ion drift time to about 60 ns, a electrode
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rod-in-honeycomb design is used which limits the LAr gap to be 0.27-0.51 mm. An inner
layer based on stacked copper plates functions as an electromagnetic calorimeter and two
outer layers, based on a tungsten matrix, as hadronic calorimeters. Each layer is 45 cm
deep. The three FCAL layers are very dense, weighing 9.6 metric tons per side.

4.5.2 Tile calorimeter

The ATLAS HCAL measures the portion of typically-longer hadronic showers which escape
the ECAL. Hadronic showers encounter between 2-4λI nuclear interaction lengths in the
ECAL regions and before. The HCAL extends this via the LAr-based HEC by about 9λI in
the endcaps and by 7.4λI in the Tile Calorimeter (TileCal) which wraps around the other
ATLAS calorimeters as shown in figure 4.3. The TileCal is split into a central barrel region
and two extended barrel regions which cover out to |η| < 1.7. The TileCal is composed of
steel absorber plates and scintillating tiles for sampling layers. Stacks of steel and scintillator
running in the z-direction are staggered in successive layers in the radial direction, forming
a flattened checkered pattern. The TileCal’s extent in z − φ of (2.6 + 5.8 + 2.6)m × 2π is
split into 64 wedge-shaped modules. Steel supports at the back of each wedge are bolted
together into a mechanical frame but also provide a flux return for the solenoid magnetic
field. Scintillation light is channelled at the φ ≡ const. edge of each tile via wavelength-
shifting optical fibres ganged into photomultiplier tubes (PMTs) for the readout signal.
Since the optical components are subject to radiation damage, their light yield was tested
after irradiation with the equivalent of ten years’ LHC operation and found to degrade by
less than 10%. The TileCal also has independent calibration systems, one based on built-in
infrared LEDs and another using a 137Cs source which travels through all its tiles along a
network of water tubes [95].

4.6 From detector to dataset

During operation, the ATLAS detector records a dense stream of data which can be likened
to that of a 100-megapixel camera capturing several hundred frames per second. This is,
however, only a sliver of the information which survives a sophisticated filtering process to
select only the most interesting collisions. The design of the ATLAS trigger aims to optimize
the usefulness of recorded data with the constraints from finite hardware speed and limited
distributed data storage.

4.6.1 Trigger and data acquisition (TDAQ)

Bunches of protons collide inside the ATLAS detector at a rate of 40 MHz. This rate is
deliberately far higher than what could be written to permanent storage for subsequent
analysis. The reason for this is to facilitate the production of rare processes such as H → 4`
(or potentially Z ′ → `+`−). It is therefore the critical role of the ATLAS trigger and

62



data acquisition (TDAQ) system to ensure that precious bandwidth is prioritized to select
and record the small fraction of events which may contain an interesting signature. To
qualify, events must pass through first the hardware-based Level-1 (L1) trigger and then
the software-based High-Level Trigger HLT, which is implemented in a large dedicated
computer farm. The full bunch crossings rate of 40 MHz is reduced by the L1 trigger with
an acceptance rate up to 100 kHz8 [96], while the inclusive HLT selections reduce this
further to about 1.2 kHz on average (in total, 3 bunch crossings per 100,000).
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Figure 4.4: Schematic of the ATLAS 2-level trigger system in Run 2. This is figure 1 of [96].

Refer to figure 4.4 for a schematic of the following description. The L1 trigger considers
the following information at the full collision rate: the sum of energy deposits in coarse
calorimeter trigger towers and hits in RPC (barrel) and TGC (endcaps) muon chambers.
Based on only these two sources, the L1 trigger is programmed to identify features of
interesting final states: electrons/photons, muons via MS trigger chambers, tau leptons,
jets, and Emiss

T /ΣET in the calorimeter. Analog signals from about 7200 LAr and Tile
calorimeter towers are transmitted for digitization in custom electronics implementing the

8This improvement on the maximum Run-1 rates of around 65 kHz is thanks to readout upgrades during
Long Shutdown 1.
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L1Calo algorithm [97]. This hardware is installed underground a short distance from the
detector to minimize delays.

The HLT is comprised of two stages: the Level-2 (L2) trigger and the Event Filter.
The L2 trigger postpones building a full event by first focusing on select η − φ regions of
interest (ROIs) seeded by the findings at L1. Its conclusion based on this partial information
determines which events are marked to be fully built for the Event Filter, which makes the
final decision whether to keep events for permanent storage. At this point, the full event
is checked if it passes the threshold and topology criteria for at least one of multiple HLT
trigger “menu” items defined for physics analysis. The two HLT steps are distributed across a
computer farm of about 40000 processing units located in building SDX1 above the ATLAS
cavern.

Throughout ATLAS subdetectors, Timing Trigger and Control (TTC) information en-
coding the LHC clock signal and L1 decisions are propagated via interfaces to component
readout electronics. If the L1 trigger passes an event, detector signals from the electronics
front-end (FE) boards are pushed onto ReadOut Drivers (RODs) before passing through fast
ReadOut Links (ROLs) into short-term storage on ReadOut Buffers (ROBs) in the DAQ
system. Here, the full detector information waits as the L2 trigger assesses ROIs. If passed,
the information is built into an event and handed to the second stage of the HLT, the Event
Filter. Events passing at least one branch of the full trigger chain are sent from the HLT
farm to the CERN computing centre in four separate streams: a set of physics streams with
data passing checks for physics analyses, an express stream containing a subset of physics-
quality events for detector monitoring purposes, a calibration stream dedicated to a small
fraction events deliberately recorded to study detector/trigger performance, and finally a
debug stream storing events with TDAQ errors for diagnostic purposes. The data streams
proceed to offline event reconstruction via the CERN computing centre at the Meyrin site.
The data rate for the physics stream averages 1.2 GB/s.

4.6.2 The worldwide LHC computing grid (The Grid)

The CERN computing centre is Tier 0 of a four-tier global network designed to process
and store data from the LHC experiments (and MC samples). At Tier 0, events are passed
through a first stage of object reconstruction and copied to backup tape storage. A dedicated
network of 10 GB/s optical-fibre links then distributes these data to thirteen Tier-1 facil-
ities around the world, including the Canadian Tier-1 centre hosted on the Simon Fraser
University campus. Tier-1 sites serve as backup storage for the raw data and are where
reprocessing of data takes place using any updates to reconstruction algorithms. These in-
terface with around 155 Tier-2 sites which provide resources for analysis jobs. Central MC
production is also done using Tier 2 resources and supplemented by Tier 1.

The main results shown in this thesis have relied on shared grid resources to parse
huge data and MC samples, together several tens of terabytes in size. It would be highly
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impractical for the end user to download all these samples, so instead the grid works by
sending users’ jobs (including full code environment) in parallel to the locations of the
samples on Tier 2 sites around the world.

4.6.3 Data formats

Multiple data formats are used at various stages of the data pipeline from raw format to
analysis format. The following summarizes some of the main types.

Real events recorded by the ATLAS detector are collected into blocks of definite inte-
grated luminosity (LumiBlocks) which define the basic time intervals of data-taking lasting
on the order of 1 minute. All the LumiBlocks collected during a single fill of the LHC
beam (lasting typically a few hours) are grouped in Runs. A Period contains several tens
of runs collected during campaigns of similar data-taking conditions scheduled throughout
the long-term LHC runs (e.g. data17_13TeV.periodK).

Central MC samples are generated in campaigns with simulated conditions (e.g. pileup
profile and detector performance) approximately corresponding to long data-taking inter-
vals within LHC runs. The amount of MC events simulated for each campaign also scales
according to the data yields expected for the corresponding intervals. The final MC cam-
paigns for Run-2, are mc16a, mc16d, and mc16e, optimized for comparison with ATLAS
data collected during 2015-2016, 2017, and 2018, respectively.

Both real and simulated data exist in a hierarchy of file formats corresponding to stages
of the processing chain from raw data to final analysis. The fully-reconstructed format of
Analysis Object Data (xAOD) is the basic input for physics analyses. For each event, an xAOD

file stores representations of physical objects (electrons, calorimeter clusters, etc.) and event
information (e.g. LumiBlock) in classes defined by the central Event Data Model (EDM).
The xAOD format is designed to be storage-efficient but also versatile and accessible (e.g.
readable by ROOT). Central ATLAS xAOD samples undergo a final step of selections and
corrections (derivation step) before being used for physics analysis. Individual data analysts
then use their own code to apply event selection on shared xAOD samples to produce flat
n-tuples for final results such as histograms.
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Chapter 5

Reconstructing electrons and
muons in ATLAS

5.1 Reconstructing electrons

The signature of an electron in the ATLAS detector is a track (with potential associated
bremsstrahlung) in the ID associated with a cluster of energy deposits in the ECAL.

Tracks are reconstructed starting from 3-dimensional coordinates of hits in silicon layers
of the ID. An algorithm (see [98]) then clusters neighboring hits associated with a given
seed, accounting for possible significant energy losses due to bremsstrahlung. The track
kinematics are extracted from a χ2 fit to the string of hits. For signal electrons with momenta
considered in the dilepton analysis this process is over 98% efficient. Fine-tuning of the
electron trajectory is performed in an additional refitting step [99] meant to correct for
radiative losses.

The first step in reconstructing the electron calorimeter signature is to identify cells
which have a signal-to-noise ratio/significance of ≥ 4. In this case the noise model includes
contributions from both electronic noise and expected pileup. Then their surrounding cells
which have significance ≥ 2 are collected recursively to build up a topo-cluster. Once no more
connected cells can be found which pass the significance threshold, a final layer is added to
the topo-cluster using all cells at the perimeter regardless of energy. Additional criteria are
also built into the topo-clustering algorithm to handle cases of cell clusters which overlap
and the treatment of negative energy fluctuations (see [100] for a detailed description). For
a topo-cluster to be considered for electron reconstruction, the fraction of its total energy
which is contained in the ECAL is required to be fEM ≥ 0.5 since this has very little impact
on signal efficiency and eliminates over half of pileup-generated candidates.

The leading topo-clusters in an event which agrees in η − φ with an extrapolated ID
track are used to seed the construction of electron superclusters. Topo-clusters within a
fixed window of the seed cluster are successively amalgamated to form the final electron
shower. The final electron’s kinematics are determined from the summed transverse energy
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of the supercluster following a dedicated calibration of the electron energy scale [101]. Hence
electrons’ transverse momenta are usually quoted in ET. On the other hand, an electron’s
η − φ coordinates are provided by its reconstructed track.

5.1.1 Electron identification

Multiple features of an electron’s detector signature can be leveraged to distinguish it from
light- and heavy-flavour jets and photon conversions. The ATLAS electron identification
algorithm uses 13 parameters (table 1 of [102]) relating to the track and calorimeter sig-
nature in a likelihood discriminant. An example is Rhad1: the ratio of ET measured in the
first layer of the HCAL in the direction of the energy cluster to its total energy, which is
typically larger for hadronic showers than for showers from electrons. Track-related param-
eters include the TRT eProbabilityHT based on the deposited transition radiation and the
measured relative momentum loss ∆p/p across the track (larger for electrons on average
because of bremsstrahlung). Parameters measuring the matching between the cluster and
track are also incorporated, since this distribution is broader for jets and photon conversions.
For each parameter a signal distribution S is filled from samples of J/ψ,Z → ee-tagged
events in data and a background distribution B is filled using a fake-enriched data sample1.
The distributions for each parameter are smoothed, transformed, and finally combined in a
joint-likelihood function:

LS,B =
∏

params
Pi(xi|S,B) (5.1)

The following discriminant is then used to compute a likelihood identification score for a
given electron candidate based on its features:

1
15 · ln

(
LS
LB

)
(5.2)

The 1/15 is just a convenient scaling factor. The three main identification working points
supported for ATLAS analyses – LHLoose, LHMedium, and LHTight – correspond to cuts on
the likelihood score (5.2) in three different configurations which vary across ET and η bins.

In addition to the likelihood discriminant, the identification working points require that
a candidate electron track be associated with at least seven hits in the silicon layers of the
ID. In all except the VeryLoose working point, two of the silicon hits are required to be
in the Pixel detector. To pass Medium and Tight one of those two additionally needs to
be in the innermost Pixel layer that is available, usually the IBL. This helps reject photon
conversions by requiring a charged track back to the interaction point. The silicon hits
criteria are summarized in table 5.1.

1The performance using the data-derived background sample is validated using simulated generic 2→ 2
hadronic samples.
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Working point εID at 40 GeV nSi nPixel nBlayer Note
VeryLoose - ≥ 7 - - For fake electron studies

Loose 93% ≥ 7 ≥ 2 -
Medium 88% ≥ 7 ≥ 2 1 Used in dilepton analysis
Tight 80% ≥ 7 ≥ 2 1 Adds E/p, wstot cuts

Table 5.1: Example of signal efficiency of electron identification working points and com-
parison of their requirements on silicon hits.

The VeryLoose working point is meant to provide a highly-inclusive baseline selection
for studies of fake electron background, such as the analysis described in chapter 7. The
signal efficiencies decrease from Loose to Tight shown in table 5.1 correspond to an increase
in background rejection of ∼ 3.5×. The working points follow a similar trend in η towards
higher signal efficiency in the central region, except for the two most central bins which are
somewhat limited due to ID services. Their efficiency also rises in ET, plateauing around
93% for the Medium working point broadly above 80 GeV.

5.1.2 Electron isolation

The presence of other tracks or calorimeter activity in proximity to an electron candidate
is one of the characteristics of jets which mimic electrons. Similarly, electrons produced
in secondary decays of hadrons or photon conversions typically are not well isolated. The
goal of the ATLAS electron isolation algorithm is to reject electron candidates which are
suspicious in this regard while avoiding to reject prompt electrons unnecessarily. Isolation
is assessed in two ways, track-based and calorimeter-based, both of which are incorporated
in the final criteria.

Proximity to the candidate track and calorimeter cluster is measured in terms of ∆R
(equation 4.1). A cone defined by ∆R = 0.2 is used to define the “neighborhood” around the
candidate wherein additional calorimeter clusters are considered (if their energy-weighted
barycentre lies inside). Both ECAL and HCAL cells are included. Of course, the cone
includes the candidate itself with most of its energy inside a small core η − φ rectangle
which is subtracted. A leakage correction is applied to account for energy of the candidate
which falls outside the core rectangle. What the cone also unfortunately includes is activity
from pileup and the underlying event (section 2.5) which should not count against the
isolation quality. This contribution is therefore estimated and subtracted at the per-event
level by constructing a median density out of all other activity within |η| < 5. The resulting
sum of cell energies is the isolation variable Eisol

T,cone which measures additional calorimeter
deposits near the electron candidate coming from the same primary vertex.

Because of the better spatial resolution of the inner detector compared to the calorime-
ters, a smaller cone is defined to capture tracks in the neighborhood of the electron candi-
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date. This is especially important to avoid rejecting electrons in boosted event topologies
comprised of collimated tracks. A variable cone size is therefore used which shrinks with
transverse momentum as 10 GeV/pT up to a maximal value2 of δRmax = 0.2 (in place for
pT < 50 GeV). Within this cone, the transverse momentum of tracks with pT > 1 GeV
that meet basic quality criteria (including impact parameter association with the primary
vertex) are added up in the isolation variable pisol

T . The candidate track pT is subtracted
together with tracks that appear to originate from bremsstrahlung of the electron candidate.

Finally, a menu of cuts applied to both Eisol
T,cone and pisol

T define nine different electron
isolation working points centrally provided within ATLAS [102]. Five “Fix”-type working
points cut uniformly on the ratio of the isolation variable to the corresponding candidate
variable. On the other hand, “Gradient”-type working points tailor the cut on isolation
variables to meet pT-dependent signal efficiency targets in all η bins. In particular, the
Gradient isolation working point adopted by the dilepton analysis provides

cuts on pisol
T , Eisol

T,cone 3 εiso = (92.14 + 0.1143 · pT/GeV)% (5.3)

The efficiency of the combined calorimeter and track isolation cuts are therefore a bit lower:
90% at 25 GeV but rising to 99% at 60 GeV.

5.1.3 Challenges of electrons at high-ET

Although electron momentum is provided by the ID, the final calibrated value for electrons
with large transverse momentum is taken from the calorimeter measurement and therefore
called ET instead of pT. Equation 4.5 shows how the relative energy resolution of the ECAL
improves with energy which leads to the superior m`` resolution in the electron channel of
the dilepton analysis (figure 6.14). In this respect, relative performance improves for high-pT
electrons. Yet electron reconstruction at high-ET does run into the following challenges:

Shower shape modelling

Part of the discrimination of electrons from jets draws on variables modelling the shape of
the calorimeter shower. The electron identification efficiency is therefore partly dependent
on how well electron shower shapes are modelled in MC. Imperfections in the modelling
can be corrected using centrally-provided scale factors which compare against efficiency
measured for electrons tagged in data as coming from dielectron events in a narrow window
around the Z resonance peak3. Since this crosscheck is kinematically limited to around
pT < 150 GeV , efficiency scale factors for higher electron ET come from extrapolation.

2What is used in the dilepton analysis. Other definitions with δRmax = 0.4 also exist.

3or J/ψ for lower ET.
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However, for electrons with ET in the hundreds of GeV the shower shape variables
were seen to degrade electron ID signal efficiency. In particular, the simulation of the f3

variable giving the ratio of ECAL-deposited energy that comes from the third layer was
not accurate for high-ET electrons which have longer showers. Similarly, due to increased
electron “punch-through”, the ratio Rhad1 of total ET coming from leakage into the first
HCAL layer was not fully captured in simulation. To account for this, f3 is removed from
the joint likelihood discriminant for ET > 80 GeV for all working points [102]. Motivated by
a similar signal efficiency loss, the cut on Rhad1 in the Tight working point is also loosened
to match that of Medium in this ET range.

Shifts are also derived converting between shower shape variable distributions in MC
and the Z → data. When comparing the identification efficiency of simulated Drell-Yan
samples with and without the shift applied, a roughly flat 1% difference is seen across 100
GeV to 3000 GeV [103]. This is taken as an additional uncertainty on the extrapolated
efficiency scale factor for high-ET electrons.

Charge misidentification

Because tracks stiffen with higher pT it becomes more difficult to measure curvature in the
electron track needed to measure its charge. Muons of the same pT also face this challenge
but benefit from the extended lever arm of combined ID-MS hits. Furthermore, electrons
are susceptible to so-called “trident” events. When an electron radiates a bremsstrahlung
photon which then pair-produces, it is possible that the resulting positron will be mistakenly
associated with the original electron track. If this swap happens within the tracker it can
lead to a misidentified charge for the original electron. Since at LHC energies the electron
bremsstrahlung cross section increases proportionally with energy, the occurrence of trident
events poses a larger problem for high-ET electrons.

The challenges of electron charge identification at high-ET makes an opposite-sign re-
quirement in the dielectron analysis inefficient. The absolute impact on signal efficiency
worsens from −1.6% for events with mee = 150 GeV to −5.6% at mee = 1 TeV and an ad-
ditional ∼ −5%/TeV beyond that [104]. Since the dominant background (Drell-Yan) would
be affected no more than the signal, the benefit of requiring opposite sign electrons would
only be in reducing sub-dominant backgrounds. Hence, the charge of electron candidates is
not checked for the high-mass dilepton analysis.

5.2 Reconstructing muons

As discussed in chapter 4, the MS measures η-like bending of muon trajectories in the
ATLAS toroidal magnets. Similarly, muons deflected in the φ direction within the ATLAS
solenoid are tracked by the ID. Both sources are important for optimal reconstruction of
muons. Muon momentum is determined by measuring the reciprocal quantity of the sagitta
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s ∝ q/p (equation 4.2). Relative q/p resolution of the MS has the following form:

σexp
rel (q/p) =

√(
p0
pT

)2
+ p2

1 + (p2pT)2 (5.4)

The p0 term is uncertainty on the energy loss experienced by a muon traversing detec-
tor material, primarily the calorimeters, which dominates for muons of low pT. Similarly,
changes to the muon trajectory from multiple scattering enter in the p1 term which overtakes
the previous term for intermediate pT. Finally, the p2 term which dominates at high-pT is
governed by the MDT single-hit resolution and the alignment accuracy of the MS.

Muon reconstruction relies primarily on ID and MS information, ideally in combination.
Calorimeter information also supplements the identification of ID tracks as likely muon
candidates, and flag cases of large energy deposits by muons (section 5.2.3). First, seg-
ments are built from hits that are spatially-aligned within the segmentation of each muon
chamber. Segments which can be at least roughly associated with one another then form
the ingredients for the MS component of the muon track. A charged particle trajectory is
then χ2-fitted to the linked segments using the model of the magnetic field in potentially
both ID and MS. Five different “types” are defined corresponding to the algorithms used
to reconstruct muon candidates in the ATLAS detector [105]:

CB: “Combined” muons have matching track segments in the ID and MS

IO: “Inside-out” muons are complementary to CB but are seeded by an ID track alone
which is then used to search for at least three MS hits lying in a compatible direction

ME: “Extrapolated” muons rely on MS information to extrapolate a muon track to the
beamline when an associated ID track could not be found

ST: “Segment-tagged” muons are reconstructed similarly to IO muons but looser, only
requiring finding one compatible MS hit

CT: “Calorimeter-tagged” muons rely on energy deposits in the calorimeter to corrob-
orate the ID track

CB and IO muons make use of the most information when it is available and are thus
favoured when more than one type is reconstructed. The ID track quality of all but ME
muons is improved by the following requirements: pT > 2 GeV (5 GeV for CT), ≥ 1 Pixel
detector hits, ≥ 5 SCT hits, ≤ 2 missing silicon hits. The final χ2 of the track fit is used
to gauge the quality of muon reconstruction along with the following two variables which
measure tension between the ID and MS momentum measurements (when both are avail-
able):

ρ′ ≡ |pT,ID − pT,MS|
pT,CB

, zq/p ≡
|q/pID − q/pMS|

σ(q/pID)⊕ σ(q/pMS) (5.5)
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Three muon identification working points – Loose, Medium, and Tight – are defined incor-
porating the ID track cuts and the variables mentioned. While these meet most use cases
of muons, two additional selections are recommended for analyses targeting muons with
either low or high (>100 GeV) pT. The high-mass dilepton and lepton+Emiss

T have been the
primary use cases in the latter category, so the discussion will focus on the high-pT muon
selection working point and the measurement challenges that motivate it.

The Medium identification working point is suitable for many analyses and also forms
a baseline criterion for the high-pT working point. The q/p significance is required to be
zq/p < 7 for Medium muons. In the range 0.1 < |η| < 2.5 it restricts muons to be CB or IO
with at least two precision stations, defined as ≥ 3 clustered hits in a MDT or CSC station.
Only one precision station is required for muons in |η| < 0.1 to make up for a gap in MS
coverage. Further out to η = ±2.7, ME muons are also accepted to recover some muons
beyond ID coverage. The other two identification working points add to or take away from
restrictions of the Medium definition.

5.2.1 The high-pT muon selection working point

Only muons that pass the Medium identification working point are considered for the high-
pT selection. Then the following conditions are added:

1. muon type must be CB (reconstructed using independent ID and MS segments)

2. muon track must be associated with hits in ≥ 3 precision MS stations (MDT or CSC)

3. MS precision chambers with reduced performance are vetoed (see below)

The three-station requirement improves pT resolution by approximately 30% for muons with
pT > 1.5 TeV at the cost of a 20% decrease in selection efficiency [106]. The main impact
of requirement (3) is to exclude chambers in the barrel-endcap overlap region (1.01 < |η| <
1.10) because of increased uncertainty of their relative alignment. A few chambers that are
MDT small sectors of the barrel inner layer (BIS7/8) are also vetoed. An additional 12
chambers installed in the region of the ATLAS feet in 2016/17 (BMG) are also excluded
for their larger rate of multiple scattering. Finally, muons traversing BEE (“barrel endcap
extra”) chambers are required to have four precision stations because of their increased
alignment uncertainty and the unusual magnetic field in this region.

“Good muon” requirement

In addition to the criteria above, high-pT muons are further refined by a quality standard
known as the “good muon” requirement: a muon’s relative q/p uncertainty must be below
a pT-dependent factor times the expected relative resolution:

σrel(q/p) = σ(q/p)
(q/p) < C(pT) · σexp

rel (q/p) (5.6)
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where σexp
rel (q/p) is a model of expected resolution in the form of (5.4). The coefficient

C(pT) is a constant C0 in pT until a certain point T after which it decreases linearly (i.e.
the cut tightens) down to a minimum value of 1 starting around 5 TeV. The purpose of
the good muon requirement is to cut away muons which lie in tails of the pT response
disitributions, that is, (preco

T /ptruth
T )−1. In particular, large positive tails (i.e. overestimated

pT) are observed for high-pT muons which pass the criteria 1-3 above but are measured with
large relative q/p uncertainty. The coefficient parameters C0 and T are chosen to reduce
the tail fraction of muons with preco

T − ptruth
T > 2 to negligible levels in simulation.

For the full Run-2 dilepton analysis the cut values of C0 = 2.5 and T = 1 TeV were
chosen through a reoptimization of the good muon requirement. The updated cut is 1-5%
more efficient for signal muons above 2 TeV at the cost of increasing the pT response tails
by fractions of a percent. The selection of high-mass dimuon events gains doubly from this
optimization effort.

5.2.2 Muon isolation

Like electrons, non-prompt muons can originate from leptonic decays of hadrons. Both
calorimeter and tracking information is used to distinguish between prompt and non-prompt
muons based on their isolation from surrounding activity. A ∆R cone is used to define the
η−φ neighborhood of the muon track wherein the pT of additional tracks is added up above
some lower threshold (either 0.5 or 1 GeV). A similar sum is performed for calorimeter cell
clusters in a cone of ∆R = 0.2 around the muon track. The result is corrected for pileup
and the underlying event in a similar way as for electrons but there remains some pileup
dependence.

A variety of muon isolation working points are defined, all of which use the tracking pT
sum and most also the calorimeter sum. Several working points use a cone size for the track
isolation which decreases like 1/pT in specified pT regions. The choice of FCTightTrackOnly

for muon isolation criteria in the dilepton analysis was based on an efficiency comparison
of the different options, particularly towards high-pT. As the name suggests, this working
point is based only on track isolation and uses a cone with fixed size of ∆R = 0.2.

5.2.3 Challenges of muons, particularly at high-pT

Muon kinematics cannot be measured based on energy deposits in the calorimeter like
electrons. Therefore, muon momentum relies on ID+MS track sagitta and is inherently
more challenging to measure at high-pT because of smaller deflection in the magnetic field.
This is again reflected in the dimuon relative m`` resolution in figure 6.14 which grows with
m``. Other challenges are also discussed below.
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Cosmic muons

Muons with momentum at and far above LHC energies are ubiquitous at the earth’s surface
because of their creation in the upper atmosphere through cosmic ray conversions. This
presents a possibility unique to muons that the ATLAS detector will reconstruct a particle
originating from outside, in this case via the cavern shaft. For this to happen, a cosmic
muon must traverse the ATLAS detector during the trigger live time (coinciding with a
bunch crossing) and pass very near the interaction point. The standard cuts on muon track
impact parameter (table 6.4) therefore strongly suppress cosmic muons.

The rate at which cosmic muons are reconstructed has previously been studied [107]
by selecting muons in data which have large impact parameter values in a specified range
outside the standard cuts. Based on the two selected muon candidates in 236 pb−1 of
recorded data, and assuming a uniform downward flux, it was estimated that less than
(2.0±1.4)×10−4 such candidates would happen to fall within the region defined by standard
impact parameter cuts. Extending this reasoning to the full Run-2 dataset of 139 fb−1, the
cosmic muon background contribution can be estimated at 0.118 events, without taking into
account full reconstruction efficiency4. This is negligible compared to SM backgrounds from
pp collisions but important to keep in mind since a cosmic muon can potentially generate a
single candidate event signature with very large mass.

Muon station relative alignment

Slight distortion of muon chambers and relative misalignments between chambers degrade
the sagitta (and hence momentum) resolution of the MS. For instance, systematic slight
deformation of the MS geometry occurs because of gravitational sag, introducing a φ-
dependent bias in the track sagitta (and hence pT) measurement.

The MS design goal of 10% relative pT resolution for 1 TeV muons translates to a position
uncertainty of ±50 µm on the total ∼ 500 µm sagitta for such a muon [88]. This means,
for example, understanding the relative alignment of MS chambers in the 26m-diameter
ATLAS outer wheel to within the width of a human hair.

In practice the performance of the MS varies with η and φ because of inhomogeneity in
chamber coverage and the toroidal magnetic field. This is also true of the impact of MDT
chamber alignment on the sagitta which ranges from 28 µm in the BA large sector (in
barrel between the magnet coils) to 121 µm in the BEE mentioned above [88]. The overall
averaged performance meets the MS design goal but is the main bottleneck for measuring
muons with high pT.

4Furthermore, the increased centre of mass energy and beam luminosity of collisions in Run 2 yield a
larger muon production rate than in Run 1, while the cosmic muon flux has remained the same. For this
reason, the simple estimate here is expected to be conservative.
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MS sagitta bias

As discussed in section 4.3.2, the MS alignment is calibrated using a track-fitting analysis
of no-magnet data runs. By selecting only Z → µ+µ− events, alignment-induced bias was
observed in the variation of the reconstructed mass between different η−φ regions of the MS.
The fact that the bias also showed a clear dependence on the charge of the muon in a given
region indicated that the effect was related to weak modes in the alignment calibration.
Weak modes are degrees of freedom of the geometry which are poorly constrained by the
track-fitting minimization procedure.

Muon catastrophic energy loss

Muons with high-pT are more affected by energy loss via bremsstrahlung which rises sig-
nificantly in the multi-TeV momentum range. The radiated photons show up as energy
deposits in the calorimeters close to the extrapolated muon track. By potentially creating
a sizable difference in the muon momentum measured by the ID and the MS, instances of
muon “catastrophic” energy loss can evade the matching criteria checked during muon re-
construction. The reduction in reconstruction efficiency in such cases has been studied and
found to be substantial, on the order of 5.5% per 100 GeV of energy lost [108]. However, a
simulated sample of a 1 TeV dimuon resonance revealed that energy losses of > 50 GeV were
experienced by only 1.4% of the muons. Therefore the actual impact on analysis results is
considered negligible given the larger uncertainties on muon selection efficiency which exist
in the high-mass tail.
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Chapter 6

Dilepton event selection

The new physics scenarios discussed in chapter 3 represent potentially new ways for protons
to collide, interact, and produce a pair of high-pT leptons inside the ATLAS detector.
But far from being a smoking-gun signature of new physics, dilepton events arise from
multiple processes within the SM itself. Both resonant and non-resonant BSM signatures
in the dilepton final state are mediated by a new virtual particle which means that on
the event level it is strictly impossible to distinguish from the quantum superposition with
processes involving SM virtual particles. It is only on the level of kinematic distributions
that BSM signatures in the dilepton final state are generally distinguishable from their
SM counterparts. Even here, differences between the dominant SM background and BSM
distributions is often limited to a few kinematic variables. For example decays of a virtual
new boson with spin 0 or 2 would generate a different angular distribution of the final state
leptons than expected for purely SM processes involving spin-1 bosons. However if the BSM
particle is an additional massive spin-1 boson, angular information is no longer helpful, and
the signature appears only in kinematic distributions. For a neutral mediator this is most
clearly revealed in the dilepton invariant mass, defined in equations 2.51 and 2.57:

m2
`` = PµP

µ = (P1 + P2)µηµν(P1 + P2)ν

= (E1 + E2)2 − | ~P1 + ~P2|2 (6.1)

≈
E�m

2pT1 pT2 [cosh (η1 − η2)− cos (φ1 − φ2)] (6.2)

6.1 Standard Model background processes

Events containing a pair of same-flavour electrons or muons in the final state originate from
several processes at the LHC. For invariant masses in the hundreds of GeV and up, the
dominant SM process is that of neutral Drell-Yan (DY) production [109] shown in figure
6.1.
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Figure 6.1: Feynman diagram of Drell-Yan process.

The cross section is comprised of two components: a resonant contribution mediated by
a Z boson, peaked at its pole mass, and a non-resonant contribution mediated by an off-shell
photon. The total DY cross section is shown in figure 6.2 together with its decomposition into
Z and photon components. Beyond the Z boson pole, the separate matrix elements for both
processes drop steeply for larger values of m``. Nonetheless its simple s-channel topology
allows the DY process to dominate lepton pair production at high mass. Independent from
these falling scattering amplitudes, the DY cross section also drops with s because of the
decreasing probability to find initial state quarks with large momentum fraction x. This
probability is encoded in the Parton Distribution Function described in section 2.5.1.

A small fraction of the DY contribution comes from Z/γ → τ+τ− events where each of
the two tau leptons decay leptonically to the same flavour. This is a background in both
dielectron and dimuon channels which is roughly an order of magnitude smaller than the
W -associated top background. In the mixed-flavour eµ final state this background becomes
important relative to the other backgrounds. But for example, in the ee final state it is
suppressed by the following factor:

(BRτ→eνe︸ ︷︷ ︸
∼18%

)2 · 1
4 ' 0.0079 (6.3)

That is, this component will be a fraction of 0.8% the size of the Z/γ → e+e− background.
The tau lepton’s branching fraction to a muon is closer to 17%, but the outcome is similar.
The relatively small ditau DY component is incorporated in the “Z/γ?” histogram for each
channel shown in the data-MC comparison in figure 6.9.

Diagrams involving top quarks comprise the second largest SM contribution to the high-
mass dilepton final state. Among these, top quark pair production (tt̄) as shown in figure
6.3 produces the majority of lepton pairs. Top quark production in association with a W
boson (figure 6.4a) can also produce two isolated leptons but at tree level this requires a
bottom quark in the initial state. The last and smallest component comes from single top
production in the s- and t-channel diagrams shown in figure 6.4. In these diagrams one lepton
comes from the top quark decay and the other from the non-prompt decay of the B-meson
associated with the b quark in the final state or from gluon splitting leading to another
b quark in the initial state. The B-meson decays leptonically with around 34% branching
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Figure 6.2: Differential cross section for full Drell-Yan and Z, γ components separately, as
well as their interference term.

fraction and the resulting lepton is often rejected by isolation requirements. Therefore, single
top yields the smallest contribution among the dilepton background processes considered
in this analysis.
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Figure 6.3: The two dominant tt̄ diagrams contributing to the dilepton final state. The
initial state quarks on the left diagram can be substituted for gluons.

The third-largest category of SM contribution to the high mass dilepton final state is
from production of two electroweak bosons with leptonic decays. Representative diagrams
of this diboson component are shown in figure 6.5. Each boson can be one of W or Z and
decays either hadronically or leptonically. In all, this leads to the fourteen combinations in
table 6.1, ignoring diagrams which differ only by exchanged boson labels. The last three
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Figure 6.4: Top quark production diagrams contributing to the dilepton final state.

columns in table 6.1 correspond to the six combinations which produce two or more final
state leptons (not counting neutrinos).
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Figure 6.5: Diboson production resulting in two leptons via either a W or Z pair.

bosons 0` 1` 2` 3` 4`
WW qqqq `νqq `ν`ν
WZ qqνν, qqqq `ννν, `νqq qq`` `ν``
ZZ νννν, qqνν, qqqq ``νν, qq`` ````

Table 6.1: Possible decay modes of diboson processes in terms of number of final state (non-
neutrino) leptons. Note that in some cases the occurrence of `` may be eµ etc. The last
three columns contribute to the dilepton final state.

Processes involving not two but three electroweak bosons can also have a final state
with two or more leptons. However the cross section of such triboson processes is considered
negligible against the larger SM contributions to the dilepton spectrum.

The final SM contribution incorporated into the high-mass dilepton analysis arises from
events where one or more objects are mistakenly identified as electrons originating from the
hard interaction. The so-called fake electron background is discussed in detail in section 7.
The large cross sections of hadronic processes compared to true dilepton processes cause
the fake electron background to be comparable in size to the diboson background. It is
also possible for muons to enter the selection which are non-prompt or are reconstructed
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by mistake from unassociated tracks. However the detector signature of a high-pT muon
is inherently less ambiguous than that of an electron. Impact parameter cuts and isolation
criteria further reduce the occurrence of muon “fakes”. They are therefore more rare than
electron fakes and are not included in the sum of MC backgrounds compared with data
(although a dedicated study was done to validate this choice).

6.2 Simulation of dilepton processes

A variety of MC event generators, parton shower engines, and PDFs were used to model
background and signal processes in the dilepton final state as shown in table 6.3. All samples
are generated centrally by the ATLAS physics modelling group, with requests and feedback
from the analysis teams who share them. Event generation was done in three separate
campaigns1 and reconstructed using separate subversions of the ATLAS software (Athena
release 21) as shown in table 6.2. The full ATLAS detector simulation in Geant 4 was used
for all samples instead of the faster AF2 calorimeter parameterization (section 2.5.3). The
latter was studied and found to slightly mismodel kinematic distributions for high-mass
signal samples, mostly affecting the high-pT tails.

campaign corresp. data-taking period reco. tag Athena release
mc16a 2015-2016 r9364 21.0.20
mc16d 2017 r10201 21.0.53
mc16e 2018 r10724 21.0.77

Table 6.2: Specifications of the three MC campaigns used to model the full Run-2 dataset.

Background MC samples

Drell-Yan samples used for the background are generated with Powheg+Pythia at NLO
in QCD with the CT10 PDF set [110]. To maintain smoothness of the dominant DY MC
distribution all the way from the Z peak down 5 orders of magnitude to the high-mass tail,
the DY event generation is split into 1+19 slices ofm`` at truth-level. The first bin integrates
the Z resonance peak. An inclusive sample, on the other hand, would reduce sensitivity to
data excesses in the multi-TeV region because of its falling statistical precision towards high
mass. Details of the size and cross sections of the NLO DY samples in each MC campaign
are provided in table A.1 in appendix A. The Photos algorithm [111] was used to apply
corrections to DY samples due to final state QED radiation.

1The exception being the Sherpa diboson sample where the mc16d sample was duplicated and normalized
to stand in for the mc16e ones which are missing slices.
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Powheg+Pythia is also used to generate the top quark backgrounds (tt̄, Wt, single
top) interfaced with the newer (than CT10) PDF set, NNPDF3.0NLO [29]. A dilepton filter
is applied in generation of the tt̄ sample which is used. The single top t-channel sample is
generated using the 4-flavour (u, d, c, s) PDF scheme [112], and a dedicated treatment of spin
correlation between the top and bottom quarks in this case is handled using the MadSpin
plugin [113]. The normalizations of the top quark samples are obtained at NNLO using
Top++2.0 [114].

The contribution from diboson processes are modelled with the Sherpa 2.1.1 event
generator [35] and the CT10 PDF set. The three V V = {WW,WZ,ZZ} processes are
simulated inclusively in four groups of lepton multiplicity: one each for the 3` and 4` columns
of table 6.1, and separate ones for qq`` and `ν`ν. Samples are distinct for the dielectron and
dimuon channel. Similar to the DY samples, the diboson background samples corresponding
to each lepton multiplicity are also generated in 8 bins of truth-level m``, with the following
boundaries (in GeV):

[50, 150], [150, 500], [500, 1000], [1000, 2000], [2000, 3000], [3000, 4000], [4000, 5000], [5000,∞]

All samples with Pythia parton shower also are interfaced to the EvtGen afterburner
which models decays of c and b hadrons [115].

Signal MC samples

An independent set of DY samples designated for signal reweighting (section 9.1) are gener-
ated at LO using Pythia v8.186 [116] and the NNPDF23LO PDF set [117]. They are also
mass-sliced. Both these LO DY samples and the NLO ones for background modelling are
bootstrapped to a common NNLO (in QCD) scheme using higher-order K-factors provided
by external packages (section 6.2.1).

Benchmark Z ′χ samples used for illustration in figure 6.9 are likewise generated in
Pythia 8 (v8.210) interfaced to NNPDF23LO. A similar configuration is used to generate
test samples of spin-1 dilepton resonances of negligible width (to validate transfer function
results).

Finally, LO signal samples were generated by request for studying selection efficiency
in different spin cases. The RS graviton also used the Pythia 8 and NNPDF23LO con-
figuration like the other signals, while the spin-0 MSSM Higgs samples were based on
Powheg+Pythia and CT10.

Pileup collisions

The presence of multiple pileup collisions (section 2.5.2) leads to important effects in data
which need to be accurately captured in simulation. Such collisions are generated with
Pythia v8.186 and the NNPDF23LO PDF set and superimposed with each hard-scatter
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event in the MC samples above. The pileup conditions are generated within the A3 tune of
the Pythia generator derived from measurements of inelastic scattering events in ATLAS
Run-1 and early Run-2 data [118].

Background Process ME Generator and ME PDFs PS and non-perturbative effect with PDFs
NLO Drell–Yan Pow-B, CT10, Photos Pythia v8.186, CTEQ6L1 [119, 120], EG1.2.0
tt̄ Pow-B [121, 122], NNPDF3.0NLO Pythia v8.230, NNPDF23LO, EG1.6.0
Single top s-channel, Wt Pow-B, NNPDF3.0NLO Pythia v8.230, NNPDF23LO, EG1.6.0
Single top t-channel Pow-B, NNPDF3.04fNLO, MadSpin Pythia v8.230, NNPDF23LO, EG1.6.0
Diboson (WW , WZ, ZZ) Sherpa 2.1.1, CT10 Sherpa 2.1.1, CT10
Signal Process
LO Drell–Yan Pythia v8.186, NNPDF23LO Pythia v8.186, NNPDF23LO, EG1.2.0
Randall–Sundrum G∗ → `` Pythia v8.210, NNPDF23LO Pythia v8.210, NNPDF23LO, EG1.2.0
MSSM gg → H → `` Pow-B, CT10 Pythia v8.212, CTEQ6L1, EG1.2.0

Table 6.3: Event generators and their matrix element (ME) and parton shower (PS) config-
urations used for the full Run-2 dilepton analysis. PowH-B stands for Powheg-Box and
EG stands for EvtGen. Table modified from [1].

6.2.1 Higher-order K-factors for correcting Drell-Yan MC

Since the DY process dominates the dilepton spectrum, a dedicated effort was made to
improve the precision of the DY samples using (truth) mass-dependent K-factors. The K-
factors measure the ratio of the nominal DY cross section in MC σMC to values obtained by
cross section calculations σHO incorporating additional processes and using updated PDF
sets:

K(mtru
`` ) = σHO(mtru

`` )
σMC(mtru

`` ) (6.4)

The following three effects are treated in separate K-factors as functions of mtru
`` :

Higher-order QCD corrections: Two sets of K-factors are derived to bring both the
background and signal-like DY samples up to NNLO in QCD:

• background (Powheg+Pythia): NLO in QCD, CT10 → NNLO in QCD, CT14

• signal-like (Pythia 8): LO in QCD, NNPDF23LO → NNLO in QCD, CT14

The correction also brings the two sample types into alignment under the common Gµ
EW parameter scheme of the packages used, FEWZ 3.1.b2 [123] and VRAP v0.9 [124].
Since the LO → NNLO entails two orders, the corresponding K-factors are as large as
+40% (around 2 TeV) and are positive up until around 5.5 TeV. The NLO → NNLO
remains within ±20% up to about 6 TeV.

Additional EW corrections: NLO EW diagrams not included in the Photos FSR
afterburner are calculated using Sanc [125]. Effects include QED ISR, interference be-
tween ISR and FSR, and Sudakov corrections at the single-loop level. This contribution
comes in the form of an additive correction at each order in QCD which is then converted
to a multiplicative K-factor.
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Photon-induced contribution: Initial-state photons arising from the protons can
pair-produce the dilepton final state. The photon-induced dilepton differential cross
section is calculated at LO QCD using the MRST2004QED global parton analysis [126].
The more recent package Sanc was also used to cross-check the values. The additive
contribution is rolled into the DY nominal samples through a dedicated K-factor.

The LPXSignalReweightingTool framework was created to store the K-factors centrally
and apply them on an event-by-event basis.

6.3 Selection criteria for high-mass dilepton analyses

The search for new dilepton signatures is performed in a signal region (SR) of data defined
by several object- and event-level selection criteria, summarized in table 6.4. The SR is
comprised of two categories, interchangeably labeled as the electron/dielectron/ee channel
and the muon/dimuon/µµ channel.

The event selection is accomplished in two main steps, programmed in two packages:
DileptonST which outputs primary n-tuples by applying pre-selection criteria to derived
xAOD samples, and DileptonNTR (“n-tuple reader”) which applies final selection to create
smaller, secondary n-tuples, histograms, and data-MC comparison plots. The first package
serves as an interface to the SUSYTools framework which is shared among many analy-
sis teams and centrally maintained to apply recommendations from ATLAS performance
groups.

6.3.1 Event-level criteria

The events of interest contain at least two high-pT electrons or muons. This basic require-
ment is met in samples pre-selected under the EXOT0 derivation xAOD format which re-
quires:

EXOT0 upstream criteria

• electrons: pT > 20 GeV and at least LHLoose identification

• muons: pT > 20 GeV, type is {CB, IO,ME}, and “good muon” requirement

• #e+ #µ ≥ 2

Data samples produced in this format are then filtered using the central “Good Run List”
(GRL) for each year to include only the LumiBlocks collected with nominal beam and
detector conditions. Within otherwise healthy LumiBlocks, individual events may also be
flagged due to detector problems, and this is checked at the “event cleaning” step.
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Criterion Electrons Muons
tr
ac
k/

ki
ne

m
. Transverse momentum pT > 30 GeV

Pseudorapidity (|η| < 1.37)
|| (1.52 < |η| < 2.47) |η| < 2.5

Tranverse IP |d0/σ(d0)| < 5σ |d0/σ(d0)| < 3σ
Longitudinal IP |z0 sin θ| < 0.5 mm

ob
je
ct

Isolation Gradient FCTightTrackOnly
Identification LHMedium high-pT selection

Quality veto dead HV regions
(data only)

σrel(q/p) < “good muon”
threshold

Calibration es2017_R21_v1
(ESModel)

Recs2018_05_20,
SBC† on MC only

Event

ev
en
t

Dataset pass 2015-2016, 2017, 2018 GRLs and event cleaning
Trigger lowest unprescaled 2e HLTs lowest unprescaled 1µ HLTs

Multiplicity (≥ 2e) || (≥ 2µ) (if passes both, select as µµ event)
Overlap removal lepton-favoured WP

Charge not checked opposite sign
Pair 2 highest-pT candidate leptons
Mass m`` ≥ 130 GeV (search region is m`` ≥ 225 GeV)

Table 6.4: Summary of selection criteria for the signal region of full Run-2 high-mass dilepton
analysis – see text for description. †SBC stands for “sagitta bias correction”.

The dielectron selection uses 2eX-type high-level triggers which fire on events containing
two electrons with ET above threshold X. The threshold must be lower than the SR require-
ment pT > 30 GeV to avoid turn-on effects. The chosen triggers listed in table 6.5 are the
ones operating for each year with the lowest threshold X available for electrons with looser
identification and isolation requirements than the SR. For the dimuon selection it is more
efficient to use muX single-muon triggers since these are available at pT thresholds below that
of the SR requirements (due to the lower production rate of high-pT muons than candidates
for electron triggers). The exception is mu50 (which also drops the isolation requirement),
but in each year it is combined with the mu26_* triggers which are efficient to lower pT. MC
events are likewise required to pass the same triggers in simulation.

Once candidate leptons (see section 6.3.2) have been identified within an event, it is
first checked that there are at least two electrons or two muons. If two muons are to qualify
for a candidate pair their measured charges must have opposite sign since the search only
considers neutral mediators. For electrons, due to increased rate of charge misidentification
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channel high-level trigger 2015 2016 2017 2018

ee
2e12_lhloose_L12EM10VH X

2e17_lhvloose_nod0 X
2e24_lhvloose_nod0 X X

µµ
mu26_imedium X

mu26_ivarmedium X X X
mu50 X X X X

Table 6.5: Triggers used in the full Run-2 high-mass dilepton analysis. Triggers which are
available for the same year are combined in a logical OR.

at high-ET, the benefit to purity of the opposite charge requirement is outweighed by the
loss of selection efficiency (discussed in section 5). The possible combination which associates
the two highest-pT leptons is then selected as the candidate dilepton pair. The invariant
mass of this pair must be greater than 130 GeV to enter the SR. The region above 225 GeV
is then used in the statistical analysis, and the first pole mass hypothesis tested is 250 GeV.

6.3.2 Lepton-level criteria

Candidate leptons are required to have pT (i.e. ET for electrons) above 30 GeV to sufficiently
clear the lowest unprescaled triggers in 2017-2018.

Electrons which shower inside the two transition/“crack” regions (1.37 ≤ |η| ≤ 1.52)
between the ECAL barrel and endcaps are known to have degraded resolution due to the
large amount of material preceding the first LAr sampling layer (5-10 X0) [100]. The ben-
efit to selection efficiency of including these electrons in this analysis was studied against
the accompanying degradation of invariant mass resolution. It was found that although
about 7% more events enter the dielectron selection when including the crack region, they
broaden the invariant mass response distributions by 4-5%. Furthermore, when considered
separately the response distributions of events with one or more crack-region electron can-
didates exhibit long tails, indicating a larger degree of mismodelling. In the future it will
likely be worthwhile to include these events in a separate signal category, but it was decided
to exclude them from this analysis since they are not properly modelled within the one SR.

Otherwise, the lepton pseudorapidity acceptance extends out to the precision tracking
coverage of |η| < 2.5 (for electrons slightly less to contain the shower inside the 3-layer
ECEC region). Muons are accepted within this range except for the barrel-endcap overlap
region (1.01 < |η| < 1.10) which is precluded by the upstream high-pT selection working
point.

Events are required to have at least one primary vertex, with at least three associated
tracks. Among the typically multiple vertices, the one with highest Σp2

T of associated tracks
with pT > 0.5 GeV is chosen to be the primary vertex (PV) assigned to the hard scatter
process. Candidate leptons must have tracks that reasonably originate from this PV. This is
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gauged using the track’s transverse and longitudinal impact parameters, defined as follows:
First, define C as the point of closest approach of the extrapolated track to the beamline.

• d0: distance between C and V (vertex of interest) in the transverse (r − φ) plane

• z0: distance between C and V in the longitudinal (z) direction

The cuts |d0/σ(d0)| < 5σ (< 3σ for muons) and |z0 sin θ| < 0.5 mm are standard require-
ments of lepton-vertex association. The sin θ factor accounts for the geometric increase of
z differences for tracks inclined away from the transverse plane. These impact parameter
cuts are particularly effective for excluding non-prompt and cosmic muons which only rarely
associate with the PV.

Central quality criteria are applied to the leptons according to ATLAS-recommended
performance standards. As discussed in section 5.1.2, isolation criteria target non-prompt
electrons from photon conversions or heavy flavour decays. Electrons must pass the Gradient
isolation working point and Muons the FCTightTrackOnly one. These working points were
chosen for consistency with the 36.1 fb−1 analysis (see section 6.3.3). Both isolation working
points maintain an efficiency greater than 99% for signal electrons and muons with pT >

60 GeV [102, 105].
As discussed in section 5.1, the identification quality of electron candidates are ranked

according to a joint likelihood discriminant based on multiple feature distributions. The
LHMedium identification working point is chosen and is commonly used among analyses
that do not have strict requirements on electron purity. As such it is able to select signal
electrons with an efficiency above 92% for ET > 80 GeV. An additional standard quality
requirement vetoes electrons with clusters in regions affected by dead high-voltage or elec-
tronics in known masks (“BADCLUSELECTRON”) and separately in the EMEC during
periods of 2016 data-taking.

To enable reliable measurements of muons with momentum in the hundreds of GeV, the
high-pT muon selection working point is used in this analysis. Section 5.2.1 describes the
requirement. The selected muons must also pass the “good muon” q/p relative uncertainty
threshold also discussed there. These muon selection criteria lead to suboptimal efficiency
at low mµµ but are necessary to ensure that events with the highest mµµ of all ATLAS
analyses, now in the multi-TeV regime, can be included reasonably safely. The leading and
subleading muons in the ten dimuon events with mµµ > 2 TeV selected in the full Run-2
dataset were also individually inspected. It was verified that the independent measurements
of each muon’s pT from the MS and the ID were consistent within uncertainty.

During the analysis work a prototype version of the high-pT working point was under
development which relaxes the 3-station requirement to 2-station under certain conditions.
For example, candidate 2-station muons must have the missing station in-between the two
others because these have a longer lever arm. This optional extension is reflected in the
finalized high-pT working point documented in [105]. When studied using Drell-Yan samples,
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the selection efficiency was seen to increase by 5 − 6% (absolute) across the entire m``

spectrum when adding in the 2-station muons. However, despite additional quality cuts for
the 2-station muons, they were seen to lengthen the tails of the q/p distribution. The main
concern was the increased probability to select very high-mass events from these tails which
have mismeasured momentum. It was therefore decided to allow more time to ensure the
quality of these 2-station muons which would likely benefit future iterations of the dilepton
(and `+ Emiss

T ) analysis.
An overlap removal algorithm is used to ensure the same detector signature is not reused

for the reconstruction of two separate objects entering the analysis. The “lepton-favoured”
working point is used to disable rejection of lepton candidates overlapping with jets. Of
course, such instances are still subject to e.g. isolation requirements downstream which
means that in practice the overlap removal has little additional impact. Amongst leptons,
if two electrons share track hits the candidate with lower pT is rejected; a muon which
overlaps with an electron track is rejected only if it is a CT muon (section 5.2), otherwise
the electron is rejected.

6.3.3 Differences in event selection between the 36.1 fb−1 and 139 fb−1

analyses

As mentioned in chapter 1, the full Run-2 analysis [1] being discussed was preceded in 2017
by a publication of analysis results using the 36.1 fb−1 dataset [9]. Overall there is a lot
of continuity between the dilepton event selection criteria used to analyse the 36.1 fb−1

and 139 fb−1 datasets. This was intentional to help focus on important changes to other
aspects of the dilepton analysis strategy. Some of the main differences were introduced by
updates to central ATLAS performance algorithms. These changes were introduced through
updates to calibration tools at the analysis level, but also were implemented directly in data
because the entire 2015-2016 dataset was reprocessed in Athena release 21 since the 36.1
fb−1 analysis.

• Update to electron reconstruction algorithm (supercluster-based) and “good muon”
threshold (see chapter 5)

• In 2018 a new set of four isolation WPs were recommended by ATLAS in place of the
old (see section 5), including “Loose” and “LooseTrackOnly” used for the electron and
muon channels, respectively. The new electron WP (“Medium”) was chosen because
its efficiency was very similar to the previous WP at masses above 200 GeV (being at
most 3% less efficient below that, relatively). Similarly, a comparison of the new muon
isolation WPs indicated that the “FCTightTrackOnly” efficiency was similar and very
slightly better than the previous WP.

• The Z-peak region was previously included (i.e. SR had m`` ≥ 80 GeV) in a single
very tall bin at the beginning of the analysis templates to help constrain nuisance
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parameters in the profile likelihood fit. This region is no longer included because the
background estimate is fitted to the spectrum above 225 GeV.

6.4 Corrections applied to MC

Simulated samples do not do a perfect job modelling physics processes and detector response.
This is quantified by studies of data-MC agreement in control regions and accounted for
in recommended calibrations/corrections by ATLAS performance groups. MC corrections
are typically provided in the form of pT-dependent scale factors (SFs). While scale factors
are often close to 1, they are also commonly packaged together with up/down variations
to parameterize the effect of systematic uncertainties on MC kinematic distributions. The
corrections are briefly described as follows:

K-factors: Event weights applied to DY MC at truth level to account for higher-order
effects (see section 6.2.1).

Pileup reweighting: The pileup conditions in MC generated prior to data-taking are
simulated based on an estimate of the distribution of the average number of events µ
per bunch crossing. Since pileup has an important impact on detector performance, it
is desirable that the number of pileup pp vertices µ in MC is similar to that in data.
Weights are therefore applied to MC events according to their values of µ in order to
morph the overall µ distribution toward that of the data-taking period in comparison.

Lepton scale factors: Individual sets of scale factors are applied as event weights
to account for calibrated discrepancies between data and MC reconstruction, trigger,
identification, and isolation efficiencies. This applies to both electrons and muons, but
for muons there is an additional scale factor recommended to correct the efficiency in
simulation of track-to-vertex-association (TTVA).

Electron kinematic calibration: The calorimeter response to electrons from Z →
e+e− events in data is used to calibrate the common ATLAS electron energy scale and
resolution models. Both MC and data are calibrated using the ElectronPhotonFourMomentumCorrection

tool configured to version es2017_R21_v1.

Muon sagitta bias: Correction of muon momentum using η-φ sagitta bias calibra-
tion maps. The prescription is applied to MC but not to data, as recommended, to
avoid affecting individual high-mass events by local inhomogeneities in the maps. The
MuonCalibrationAndSmearingTool package configured to Recs2018_05_20 recommen-
dations was used to implement this as well as the momentum corrections below.

Muon momentum correction: The momentum of muons in simulation is calibrated
according to in-situ studies and also smeared to better reflect the impact on resolution
from detector imperfections (e.g. MS misalignment).
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6.5 Selection results

The total yields of selected dilepton events in the Run-2 dataset are shown in table 6.6.

Data events selected per channel
Data-taking period Dielectron Dimuon

2015-2016 235302 201641
2017 280635 239825
2018 367657 313404
Total 883594 754870

Table 6.6: Number of data events passing selection for each channel in the three data-taking
periods, for the SR starting at m`` = 130 GeV.

A comparison of data and MC for the pT , η , and φ distributions of the selected leptons
is shown in figures 6.6, 6.7, and 6.8, respectively. In each case, only qualitative agreement
is expected because (1) the fake electron background estimate is not included and (2) the
background templates do not include any systematic variations.

In figure 6.6 the pT spectra of the leading and subleading leptons are shown for each
channel. The broad peak at around 70 GeV is dominated by the effect of the m`` ≥ 130 GeV
selection cut applied to the Drell-Yan pT spectrum. The subdominant top quark back-
grounds have a wider peak about 10 GeV above that of Drell-Yan. The lineshapes of Z ′χ
samples peak at values slightly less than half their pole mass mZ′ because their integrated
cross section is larger below than abovemZ′ (see section 6.7). For both figures 6.6a and 6.6b,
the single entries in the two highest bins are from the same event which has the highest m``

in each channel, to be discussed below. Note that bins which “jump” in the diboson MC
pT distribution tail are explained by single events which are assigned a very large generator
weight.

The lepton η and φ distributions illustrate both the analysis angular criteria as well as
the relative efficiency for the reconstruction of electrons and muons in different regions of
ATLAS. In figure 6.7a the visible dips in two bins on each side is a result of vetoing the
electron crack region which overlaps with these two bins. The muon η distribution (figure
6.7a) exhibits three large dips, one in the middle caused by the gap in MS coverage for
|η| < 0.1, and at the two barrel-endcap transition regions, particularly 1.01 < |η| < 1.10
which is vetoed. The MS performance for high-pT muons is also more inhomogeneous in φ
than the ECAL for electrons, as shown in figure 6.8. The two dips at roughly φ = 1 and 2
are caused by additional material present and reduced MDT coverage in the region of the
ATLAS feet (including muon chambers vetoed by the high-pT selection working point).

The invariant mass distribution for events passing the analysis selection are shown in
figure 6.9. Starting from 130 GeV, there are 100 log-spaced bins including the final overflow
bin at 6 TeV. Note that the statistical analysis is performed with finer binning. Histograms
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Figure 6.6: Comparison of the lepton pT distributions in data and MC for the full Run-2
dataset. pT distributions of Z ′χ signal samples with multi-TeV pole masses are also shown
as examples. Note that no systematic variations are applied to the MC distributions and
the fake electron background is not included.
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Figure 6.7: Comparison of the lepton η distributions in data and MC for the full Run-
2 dataset. Note that no systematic variations are applied to the MC distributions and
the fake electron background is not included. The features in each channel reflect both
analysis η vetoes and performance differences across the layouts of the calorimeter and
muon spectrometer.
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Figure 6.8: Comparison of the candidate lepton φ distributions in data and MC for the full
Run-2 dataset. Note that no systematic variations are applied to the MC distributions and
the fake electron background is not included. The features in the dimuon channel reflect
inhomogeneities in the muon spectrometer coverage.

of the dominant SM background processes are stacked in order of dominance. In the electron
channel there is the additional contribution from misidentified electrons arising from multi-
jet andW+jets events. Visually, the data agree reasonably well with the total MC prediction,
even though systematic uncertainties in the MC have not been varied (i.e. these are “pre-
fit” distributions). It is important to point out the smoothness of both DY and diboson
MC distributions out to 6 TeV thanks to the mass-sliced event generation scheme. Both
channels include overlays of example Z ′χ resonances with pole masses of 2, 3, 4, and 5
TeV. The difference in invariant mass resolution between the channels is evidenced by the
dramatically wider resonance shapes in the dimuon channel.

For the electron channel in figure 6.9, the contribution from misidentified electrons is
estimated for the full Run-2 dataset using the matrix method described in chapter 7. This
is an update with respect to the published version of this plot ([1], aux. fig. 1) which used
an appropriately scaled-up version of the fake electron background template derived in the
36.1 fb−1 dilepton analysis [9]. That is, the estimate was not redone in that case, simply
reused. This is justified only because the data-MC comparison is used in this case only for the
purpose of validating the general modelling, whereas the data-driven statistical analysis does
not rely directly on this comparison. Rather, potential mismodelling due to reusing the fake
electron template would only impact statistical results through the estimate of the spurious
signal systematic, as discussed in section 8.2.4. It was therefore checked that removing this
contribution entirely does not majorly impact the statistical analysis since it is the smallest
background component. For this reason, data-MC comparisons in other variables for the full
Run-2 dataset do not include an estimate of the fake electron background. The data-MC
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agreement when using the updated fake electron background as shown in the subpanel of
figure 6.9a is slightly shifted but remains reasonable.

The final event in each channel’s invariant mass distributions has been highlighted using
Atlantis [127] event displays, shown in figures 6.10 and 6.11. The dielectron event has
mee = 4.06 TeV and the dimuon event has mµµ = 2.75 TeV – the two highest dilepton
invariant masses reported in an ATLAS publication. Figure 6.12 shows a display of the
dimuon event with the highest invariant mass in the 36.1 fb−1 dataset (this one from 2016).
The visualization is done in Persint [128] and makes it easy to see the three-station
requirement on the high-pT muons. The presence of a third muon possibly indicates this
is a diboson process. The transverse momenta reported in the caption of figure 6.12 reflect
the updated calibration used in the full Run-2 analysis and are slightly different than the
values reported in [9] (the invariant mass shifts down by 4.5%).
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Figure 6.9: The invariant mass distribution for the full Run-2 data and MC samples passing
full analysis selection. Lineshapes of Z ′χ signal samples with multi-TeV pole masses are also
shown as examples. The subpanel shows the ratio of data to MC on top of a shaded MC
statistical uncertainty band. Note that no systematic variations have been applied to the
MC distributions (i.e. they are at “pre-fit” values), so some tension is to be expected.
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Figure 6.10: Event display of the highest invariant mass candidate event in full Run-2
ATLAS dataset passing the dielectron selection. The two electrons are indicated by the
orange tracks, yellow clusters of energy in the ECAL, and orange extensions of the track
serving as a visual aid. The dielectron invariant mass is mee = 4.06 TeV. The leading
electron, pointing toward the lower half of the display, has ET = 2.01 TeV, η = 0.47 and
φ = −0.78 (measured from the horizontal to the right). The other, subleading electron has
ET = 1.92 TeV, η = −0.03 and φ = 2.37. Since the two electrons match each other in
transverse momentum within less than 5%, they are nearly back-to-back in the transverse
plane (i.e. their φ’s differ by nearly π). Figure taken from [1].
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Figure 6.11: Event display of the highest invariant mass candidate event in the full Run-2
ATLAS dataset passing the dimuon selection. The two muon tracks are indicated by red
lines. The dimuon invariant mass is mµµ = 2.75 TeV. The leading muon, pointing toward
the lower half of the display, has pT = 1.82 TeV, η = −0.52 and φ = −0.56 (measured from
the horizontal to the right. The other, subleading muon has pT = 1.04 TeV, η = −0.67 and
φ = 2.53. Nearby each muon are energy deposits in the calorimeters with pT < 50 GeV
which is consistent with the energy loss of high-pT muons (see section 5.2.3). The event has
Emiss
T ' 800 GeV in the direction of the subleading muon. Figure taken from [1].
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Figure 6.12: Event display of the highest invariant mass candidate event in the 2015-2016
(36.1 fb−1) dataset passing the dimuon selection. Three muon tracks are indicated by blue
lines. The three MDT chambers associated with each muon, as required in the high-pT
muon selection, are shown in green. The leading muon, pointing in the lower left quadrant
of the display, has pT = 564 GeV, η = −0.43 and φ = −2.16. The subleading muon points
nearest to the top right corner and has pT = 555 GeV, η = 1.81 and φ = 0.90. These
two are associated with the dimuon pair of combined invariant mass mµµ = 1.90 TeV. The
event contains a third muon of pT = 136 GeV and has Emiss

T ' 179 GeV in the direction of
φ = −2.38, indicated by a green arrow. Figure taken from [9].
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6.6 Dilepton invariant mass response model

Since the invariant mass observable is the basis for the statistical analysis of the dilepton
final state, it is valuable to model what the ATLAS detector and the selection criteria do
to it. That is, given an event producing two leptons with some truth-level invariant mass,
how does the process of reconstruction affect it within the analysis selection? This section
discusses the so-called transfer-function (TF) method used to model the detector response,
and how this in turn serves in both background and signal modelling for the full Run-2
analysis.

6.6.1 The transfer function method

The invariant mass response is defined as the relative difference between the reconstructed
(m``) and truth-level (mt) invariant mass:

R = m`` −mt

mt
= m``

mt
− 1 (6.5)

where mt refers to the truth-level mass and m`` is the ordinary, reconstructed mass. Given a
sample of simulated events, the inclusive response distribution can be filled using the mass
before and after reconstruction. For a perfect detector the distribution would be a Dirac
delta function. However, for a real detector, it is a peaking distribution centred at zero
(hopefully) with width corresponding to the relative invariant mass resolution. More useful
than the inclusive one is the response distribution generated by events within a differential
slice of truth-level phase space. Of particular relevance to this analysis is a model of the
response as a function of truth mass: P (R|mt). Knowing this would make it possible to
transform a given invariant mass distribution from truth-level (ft) to reco-level (fr) using
the following convolution:

fr(m``) = ft(mt)⊗
[
TF(m``|mt) ·Aε(mt)

]
(6.6)

where the transfer function TF(m``|mt) is simply the response distribution P (R|mt) shifted
by +1 and then scaled by mt. The convolution kernel in (6.6) transforms the truth-level
distribution through the following effects:

horizontal: smearing of the invariant mass by the response (packaged in the TF)

vertical: loss of events due to analysis acceptance cuts (A) and reconstruction efficiency
(ε)

Since the response distribution is a function of the truth-level phase space of its underlying
event population, it is therefore physics process-dependent as well. In the dilepton analysis,
the most interesting response distribution to model is that of the Drell-Yan process, not
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only because it is the dominant background, but because it shares an identical topology
with a spin-1 signal diagram.

The response distribution as a function of mt is obtained by first slicing the NLO Drell
Yan MC into 200 log-spaced bins of truth mass. Then, in each bin of roughly constant mt,
the resulting response distribution is fitted using the following model:

P (R|mt) = κ · CB(R|µCB, σCB, α, n) + (1− κ) ·Gauss(R|µG, σG) (6.7)

where CB denotes a “crystal ball” distribution2. This component is needed in addition to
a simple Gaussian to model the response tails populated by poorly-measured leptons at
high-pT – mainly due to bremsstrahlung of electrons and for muons, chamber alignment or
calorimeter energy loss. Example fits of the TF model are shown in figure 6.13.
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Figure 6.13: Results of the simultaneous transfer function fit shown in red superimposed
on the m`` response distribution for the truth mass bin centred at 502 GeV. The dashed
red line shows the Crystal Ball component (equation 6.7). Note that the x-axis range is
different for each channel so that their relative width is not immediately evident. Figures
adapted from [129].

Though not written explicitly, each parameter of the two distributions in (6.7) are
treated as functions of mt, including the coefficient κ controlling their relative contribution.
Therefore, once a functional ansatz has been chosen for each of the 7 parameters by trial
and error, the fit in the 200 mt bins is performed simultaneously to extract the “parameters

2A piecewise distribution comprised of a Gaussian core with one of its tails modified beyond α to fall like
power-n:

CB(x;µ, σ, α, n) ∝

{
e−(x−µ)2/2σ2

,
∣∣x−µ
σ

∣∣ ≤ α
e−α

2/2 ·
[
1− α2

n
+
(
α
n

)
x−µ
σ

]−n
,
∣∣x−µ
σ

∣∣ > α
(6.8)
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of the parameters”. Appendix A shows the fitted parameterizations of the response model
parameters (figures A.3 and A.4) as well as their functional forms (tables A.3 and A.4).

Finally, the mean and width parameters are shifted and scaled to transform the response
model into a TF model TF(m``|mt).

6.6.2 Invariant mass resolution and selection efficiency

The width of the response distribution is approximated by the following weighted sum3:

σ(mt)
mt

=
√
κσ2

CB + (1− κ)σ2
G (6.9)

The simultaneous fit therefore also provides the relative invariant mass resolution as a
function of mt, which is plotted in figure 6.14. What can immediately be appreciated from
this figure is the relative performance impact of electron and muon reconstruction at high-
pT. While both channels begin at a comparable relative m`` resolution of 2 − 3% around
200 GeV, this climbs almost linearly for the dimuon channel. The causes of this degradation
are the challenges associated with small muon track sagitta measurements, as discussed
in section 5.2.3. On the other hand, the dielectron channel (thanks to calorimeter-based
measurements) shows slight improvement of relative resolution towards high-m``, settling
at σ(mt)/mt ' 1%.
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Figure 6.14: Relative invariant mass resolution for the dimuon and dielectron channels as a
function of the true invariant mass. The channels’ very different behaviour is driven by the
challenges of muon measurement at high-pT.

3This expression neglects an additional κ(1 − κ)δ2 term under the radical, where δ = µCB − µG, which
has a small impact compared to the σ2

i contributions.
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Similarly, the 200 slices of NLO Drell Yan MC are used to derive the acceptance and
selection efficiency (and their product Aε) expected for a spin-1 mediator process:

Aε(mt) =
(
N i

true pass acceptance
N i

true in sample

)
×
(
N i

reco reconstructed & selected
N i

true pass acceptance

) ∣∣∣∣∣
mt∈ bin i

(6.10)
where “reco” labels reconstructed events and “true” events prior to reconstruction (i.e.
truth-level). The “fiducial” cuts applied at truth-level and their impact on the acceptance
are described in section 6.7. Figure 6.15 shows the resulting values of ε(mt) for both channels
obtained from the Drell Yan slices. More precisely, what is shown by the curves are smooth
parameterizations from fitting the 200 ε points with 8-parameter polynomials in mt with
powers between −5 and +2. The lower efficiency for the dimuon channel is a result of the
3-station and “good muon” requirements of the high-pT selection working point discussed
in section 5.2.1. On the other hand, aside from a mainly isolation-related dip at the low-mee

end, the dielectron channel exhibits slowly increasing efficiency towards a value of about
74%.
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Figure 6.15: Analysis selection efficiency for dielectron (black) and dimuon (red) channels. It
represents the fraction of events lying within the acceptance criteria which additionally are
reconstructed and satisfy the full signal region selection of the dilepton analysis. Drell-Yan
samples are used to measure spin-1 as well as Graviton and MSSM Higgs samples for spin-2
and 0 points, respectively.

Also shown alongside the spin-1 ε curves are test masses of spin-2 and spin-0 mediator
processes calculated using dedicated samples of high-mass scalar (MSSM4 Higgs) and gravi-
ton mediators, respectively. Examples of m`` distributions for these samples are displayed

4Minimal Supersymmetric Standard Model
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in figures A.5 and A.6 in appendix A. While different spin cases will generally experience
different losses at the acceptance level (due to their different angular distributions), these
test points demonstrate that selection efficiency is comparable between the different spins.
However, the dielectron channel in particular shows that there is some discrepancy; in this
case the spin6=1 samples exhibit larger efficiency by up to 4% (absolute). This can be ex-
plained as follows: spin-0 and spin-2 samples have a larger proportion of their η distribution
in the central region where electron identification is more efficient on average. The truth-
level lepton η distributions are shown for the three spin cases in figure A.7 in appendix A.
For muons, the reconstruction efficiency is more uniform between central and forward re-
gions, so the different spin cases are more similar. This comparison implies that the generic
cross section limits for spin-1 mediators can be applied to scalar and graviton resonances to
within a few percent (absolute) in the factor ε (provided the model-dependent acceptance
impact is also incorporated.

6.6.3 Application of the transfer function to background smoothing

As will be discussed in section 8.2.1, the ability to validate a data-driven background esti-
mate is limited by the smoothness of the MC background template available. Generating
O(100M) additional simulated DY events would be the highly CPU-expensive solution.
By far the most time is spent fully simulating the ATLAS detector, and in particular the
calorimeter response. While there are fast parameterizations [130] available to help, the
computational overhead of this route is still prohibitive. Alternatively, considering that for
this analysis the background only needs to be modelled in the m`` observable, the trans-
fer function presents its own application-specific parameterization of the ATLAS detector
response. It captures the essential smearing of truth-level invariant mass associated with
detector measurements. Thereby, the TF enables very large generator-level events to be
converted into reconstruction-level distributions which statistically resemble those of the
fully-simulated NLO DY samples. In contrast to fully-simulated samples, generator-level
samples with a very large number of events can be produced at far lower cost using a local
institute batch computing system.

It is true that statistical fluctuations in the NLO DY also propagate as uncertainties on
the paramaters of the TF and Aε fits. The impact this has on the smoothed m`` distribution
could in principle be generated by varying the paramaters according to the covariance matrix
of the simultaneous fit, but this is difficult because of the complexity of the fit and its
paramater correlations. Instead, uncertainty bands on the TF and Aε shapes are obtained
by fitting an ensemble of 10k pseudo-datasets drawn from the NLO DY samples. The events
in each pseudo-dataset are scaled by random weights drawn from a Poisson distribution with
mean of 1. The resulting uncertainty bands are negligible in the core region of the TF and
only become visible in the tails. For the Aε, the impact of MC statistical uncertainty is
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of the order . 0.1% for masses below 5 TeV. In both cases the statistical uncertainty is
therefore considered negligible.

The models of invariant mass response and acceptance times efficiency are combined
using equation 6.6 in convolution with the large generator-level sample. The resulting dis-
tribution is then reweighted to match the target dataset integrated luminosity. Its statistical
variations are small enough to enable its use as a validation template for the data-driven
background shape modelling. A modifiied transfer function is also derived to smooth the tt̄
MC m`` distribution for the same purpose. In this case, the full set of tt̄ dilepton events
which are accepted at truth-level are used to help recover the full statistical precision avail-
able in the sample (a portion of which is lost during reconstruction).

6.6.4 Application of the transfer function to signal modelling

A model of how distributions in the dilepton invariant mass propagate through detector re-
construction can also be applied to the signature of a resonance. In particular, a resonance
with negligible intrinsic width (think Dirac delta function) will be smeared into a distribu-
tion which purely represents the detector response. In fact, the transformation of such a
“zero-width” resonance of a hypothetical particle X of given pole mass mX is equivalent to
the transfer function at mt = mX .

This connection between the TF method and signal lineshape modelling was the basis for
validating the extracted TF model against dedicated zero-width signal samples. The samples
of 50k Drell-Yan events were generated in mass windows narrower than 1 GeV and their
fully-reconstructed distributions compared to the parameterized distributions predicted by
the pre-fitted TF model. Good agreement was achieved across the 11 tested pole masses
(i.e. window centres).

The same feature of the TF model is exploited to generate signal lineshapes with nonzero
intrinsic resonance widths. The statistical analysis of the m`` spectrum is done using a
generic signal model with the goal of making results applicable to a range of specific sig-
nal scenarios. The generic signal is implemented as a semi-analytic function which is the
convolution of underlying “physics” lineshape with detector response (TF):

fsig(m``|mX ,ΓX) = BWX(m``)⊗ TF(m``|mt = mX) (6.11)

where BW is a non-relativistic Breit-Wigner of mass mX and width ΓX , and where the
form of TF is given in equation 6.7. It is semi-analytic because the convolution is evaluated
numerically and cached using the RooFFTConvPdf class (using as backend the fast fourier
transform library FFTW3 [131]).

Examples of generic signal lineshapes and their underlying components in each chan-
nel are shown in figure 6.16. Both subfigures show an identical truth-level Breit-Wigner
distribution along with two very different response distributions, as expected. Clearly in
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Figure 6.16: The lineshapes of the generic signal model for each channel at mX = 1 TeV
and ΓX/mX = 1.2% as an example. The two underlying components are shown as dashed
lines while the result of their convolution is the solid black line.

the dimuon channel the latter is what dominates the resulting signal lineshape, and this
behaviour persists until larger relative widths.

6.7 Fiducial cuts for generic limits

Signal inclusive cross sections tend to fall steeply for larger and larger pole masses into the
multiple TeV range. When generating the m`` distributions expected from proton collision
production, two competing effects can come into tension. Although the differential cross
section is strongly peaking at the pole mass, the probability to find a quark and antiquark
with sufficient momentum fraction x is suppressed according to the PDF. For example,
assume that a u quark near the peak of its predicted momentum fraction (x1 ∼ 0.12
according to figure 2.5b) took part in s-channel production of an on-shell Z ′ boson with a
mass of 2 TeV. Ignoring ISR, the other parton in this case would have to be a u with the
following momentum fraction:

x1x2s = m2
`` =⇒ x2 = (2 TeV)2/

[
(0.12) · (13 TeV)2

]
= 0.197 (6.12)

that is, the antiquark needs to possess nearly 20% of the other proton’s momentum which,
looking at figure 2.5b, is far out in the tail of the xfu distribution. As a result, multi-TeV
resonances exhibit sizable parton luminosity tails coming from the relative rise of the off-
shell production component of the differential cross section due to the PDF. Although the
broad profile of parton luminosity tails typically has a small impact on the overall search
sensitivity, the tails can integrate a large amount of the differential cross section. Hence,
when setting limits on high-mass signal cross sections it is necessary to account for the
fraction of the total cross section which lies outside the core of the resonance.
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Parton luminosity tails are dependent on the resonance width and production mode (e.g.
ggF vs. qq). Another model-dependent feature is the impact of interference effects on them``

spectrum of a signal. Section 2.4.1 mentioned how interference appears between processes
with identical external lines. For this reason, s-channel production of BSM mediators in
general interfere with the dominant Drell-Yan background in the dilepton channel. The
size of the cross-term depends on the degree of kinematic overlap of the resonances (i.e.
pole mass separation, width of new resonance) and the new mediator’s coupling to quarks
and leptons. Taking both the effects of parton luminosity tail and the SM interference into
account would in principle require computing a dedicated set of cross section limits for each
model of interest.

To make the results based on the generic signal model applicable to a range of models,
the following set of truth-level fiducial cuts is defined with the aim of removing the above
model-dependent effects:

each lepton:

 ptru
T > 30 GeV∣∣ηtru∣∣ < 2.5

(6.13)

lepton pair: mtru
`` > mX − 2ΓX (6.14)

While the pT and η cuts enclose the accepted phase space of the signal region (table 6.4),
the one-sided cut (6.14) defines a fiducial “volume” approximately free of model-dependent
effects appearing well below mX . Since it removes the tail of the truth-level signal distri-
bution below 2× the intrinsic width, the cut has a negligible impact on the effective shape
of the peak region. What it does do is scale the cross section of models in proportion to
the relative size of their off-shell components. In this way the limits on the generic model
can be reinterpreted as applying to a given signal model (of matching mX and ΓX) once
brought inside the fiducial volume defined by the prescribed cuts.

It is important to note that this procedure assumes that the signal lineshape which gets
cut off does not contribute significantly to the signal sensitivity, but only to the overall cross
section entering the limits. Models with strong interference effects appearing near the peak
region can push this assumption. Section 8.4.2 will make note of the visible impact when
cross section upper limits are presented within the defined fiducial volume.

The fraction of events which at truth level satisfy the per-lepton fiducial cuts (6.13)
is shown in figure 6.17. Only the electron channel is shown because the muon channel
acceptance, in this definition, is identical up to slight statistical variation. This is again a
polynomial fit to the acceptance obtained from each of the 200 log-spaced bins of Drell-
Yan. The acceptance initially climbs steeply as the Lorentz boost of the dilepton system
drops off towards higher masses. Also the pT cut has an impact mainly at low masses. The
acceptance plateaus as the dilepton angular distribution decouples from the mass of the
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Figure 6.17: Acceptance defined by the fiducial cuts (equations 6.13 and 6.14). It represents
the fraction of events present in the original MC samples that lie within the acceptance cuts
at truth-level.

(virtual) mediator. For a resonance shape, as opposed to a single narrow bin, the acceptance
factor due to the one-sided mass cut (6.14) also applies.

6.8 Systematic uncertainties

Additional sources of uncertainty affect the dilepton analysis which are not related to the
finite size of the selected data sample. These systematic uncertainties can be broadly cate-
gorized as coming from three sources. First are uncertainties in the auxiliary measurements
of theory parameters which affect MC differential cross sections. One of the sources of un-
certainty that becomes important at high-pT is the limited information about the PDF
at high-x. Second, many uncertainties are related to the efficiency and accuracy of recon-
struction, i.e. the fact that we deal with an imperfect detector. A final source of systematic
uncertainty accounts for the dependence that results may have on specific analysis choices or
techniques. For example, the spurious signal systematic discussed in section 8.2.4 is meant
to account for imperfect modelling of the chosen functional form for the background esti-
mate (along with some other uncertainties as well). Refer to section 8.3 for a summary of
how these uncertainties are incorporated into the statistical analysis results.

The full set of systematics considered in one way or another in this analysis is listed
in table 6.7. The variations which affect the detector response distribution and hence the
signal shape are indicated. In practice these systematics are provided for each MC sample in
the form of central variations with different values of lepton kinematics on the event level.
The final column indicates whether a systematic was neglected during the final statistical
analysis. The only systematic which affects the signal shape that turned out to be negligible
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type (channel) systematic shape? negligible?

Thy. (both) ALPHAS
PDF_EV{1...7}

PDF
CHOICE_HERAPDF20
CHOICE_NNPDF30

REDCHOICE_NNPDF30
SCALE_Z
SCALE_EW
SCALE_PI
TTbarNorm

Exp. (both) LUMI
PRW_DATASF X

Exp. (ee)

EG_SCALE_ALL X
EG_RESOLUTION_ALL X

EL_EFF_ID_TOTAL_1NPCOR_PLUS_UNCOR
EL_EFF_Iso_TOTAL_1NPCOR_PLUS_UNCOR
EL_EFF_Reco_TOTAL_1NPCOR_PLUS_UNCOR X

EL_EFF_TriggerEff_TOTAL_1NPCOR_PLUS_UNCOR X

Exp. (µµ)

MUON_SCALE X X
MUON_ID X
MUON_MS X

MUON_EFF_ISO_STAT X
MUON_EFF_ISO_SYS

MUON_EFF_RECO_STAT
MUON_EFF_RECO_SYS

MUON_EFF_BADMUON_STAT X
MUON_EFF_BADMUON_SYS
MUON_EFF_TTVA_STAT X
MUON_EFF_TTVA_SYS X

MUON_EFF_TrigStatUncertainty X
MUON_EFF_TrigSystUncertainty X

MUON_SAGITTA_RESBIAS X
MUON_SAGITTA_RHO X

Table 6.7: The set of centrally-provided systematic variations considered per channel. Each
are parameterized by corresponding “up” and “down” variations (except for PDF CHOICE).
Systematics which have an impact on the signal m`` shape, through variation of peak or
width, are indicated. Systematics which are found to be negligible are also indicated.
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is the muon momentum scale, which shifts the signal resonance but significantly less than the
mµµ resolution. All other neglected systematics are in the category of variations affecting
Aε, and do so at levels below 1% throughout the m`` spectrum. In general systematics
affecting Aε are handled centrally through “up” and “down” variations of efficiency scale
factors which multiply MC total event weights.

Here follows a brief description of the different uncertainties in table 6.7.
The theoretical uncertainties come from a variety of sources which are reflected in their

names. For instance, ALPHAS models uncertainty on the value of the strong coupling constant
αs and TTbarNorm uncertainty on the tt cross section which affects the normalization of
this sample. Other quantities which enter cross section calculations include the Z boson
mass and the electroweak scale v which likewise have associated uncertainties. The PDF
uncertainties comprise both variations coming from the global fits to experimental data and
also differences related to the choice of PDF set, owing to differences in their predictions.
These two sources are discussed more in section 9.2.1. Theoretical sources of systematic
uncertainty affect the analysis results only in an indirect way, as discussed in sections 8.2.4
and 8.3. Ultimately they are not treated as independent, but are overlaid to determine an
uncertainty envelope.

Section 8.3 also discusses the uncertainty (LUMI) on the estimate of integrated luminosity.
The pileup profile measured in data likewise comes with an uncertainty that affects the
reweighting of MC via PRW_DATASF (which was found to be negligible for this analysis).

Coming to the third group of rows in table 6.7, first listed are the uncertainties in the
calibration of ECAL energy scale and resolution which affect the electron ET measure-
ment. Next are the set of uncertainties on the scale factors used to correct MC efficiencies
for passing identification, isolation, reconstruction, and trigger criteria. In these cases, the
_1NPCOR_PLUS_UNCOR suffix indicates that the variations are provided in a simplified nui-
sance parameter scheme which does not including the full correlation model.

Finally, in the muon channel, three categories of experimental uncertainties can be iden-
tified, affecting the muon pT measurement, the MC efficiency scale factors, and coming from
the sagitta bias correction. The ID and MS systematic variations parameterize the uncer-
tainty of the position (and hence sagitta) resolution of these two subdetectors. Uncertainties
on scale factors are split into statistical and systematic components affecting the efficiency
of MC in isolation, reconstruction, track-to-vertex association (TTVA), and trigger criteria.
Additionally, an uncertainty which is rather large at high-pT is associated with the efficiency
of the “good muon” requirement (which historically was called the “bad muon” veto). The
sagitta bias correction described in section 5.2.3 likewise introduces uncertainty through
the residual bias remaining after the correction in η − φ maps (RESBIAS) and the effect of
pT resolution on a weight parameter ρ used to derive the correction (RHO).
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Figure 6.18: Main m``-dependent systematic variations of Aε in both channels. Curves in
shades of green are the “up” variations for signal widths between 0% and 10%, and curves
in shades of red are the “down” variations. The functional parameterizations are shown as
dashed black lines. Figures taken from [129].

6.8.1 Signal normalization uncertainties

Systematic uncertainties propagate into the signal normalization/yield through variations
of the acceptance times efficiency5. For each systematic the “up” and “down”-varied NLO
DY templates are used to determine corresponding Aε variations with the procedure of
section 6.6.2. The “up” and “down” relative variations – i.e. ratio of varied to nominal –
are symmetrized, then averaged, and then fitted using a parametric model. The (mirrored)
parameterizations are shown overlaid with the signed variations in figure 6.18 for the main
m``-dependent systematics in each channel. Also, the impact is shown in different shades of
green and red for 20 different signal widths. The similarity of the curves at different widths
is the basis for using a common variation for all of them based on the paramaterization for

5Also through the integrated luminosity; discussed in section 8.3.
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the signal with 0% width. The MUON_EFF_RECO_STAT and MUON_EFF_ISO_SYS variations are
treated but are not shown in figure 6.18 because they are effectively constant in m``.

6.8.2 Signal shape uncertainties

The systematics highlighted in table 6.7 as affecting the signal shape do so by either shifting
the resonance peak or widening/narrowing it. The former effect is captured in the TF model
by a variation in the two distribution means µCB and µG. Similarly, the width variation is
captured through changes with respect to the nominal σCB and σG. In this case, a different
TF simultaneous fit is extracted for the “up” and “down” variations. The varied response
distributions at an example mass bin and the corresponding TF fits are overlaid in figure
6.19 for the four shape systematics. Note that the only case of a systematic shift of signal
mass is figure 6.19a while the others are width variations.

0

0.005

0.01

0.015

0.02

0.025

E
ve

nt
s 

/ (
 0

.0
01

5 
)

Nominal distribution
Upward fluctuation
Downward fluctuation

Electron energy scale uncertainty

0.2− 0.15− 0.1− 0.05− 0 0.05 0.1

truthm
truth-mrecom

0.5−0.4−0.3−0.2− 0.1− 0
0.1
0.2
0.3
0.40.5

pd
f

pd
f-

da
ta

(a) EG_SCALE_ALL

0

0.005

0.01

0.015

0.02

0.025

0.03

E
ve

nt
s 

/ (
 0

.0
01

5 
)

Nominal distribution
Upward fluctuation
Downward fluctuation

Electron energy resolution uncertainty

0.2− 0.15− 0.1− 0.05− 0 0.05 0.1

truthm
truth-mrecom

0.5−0.4−0.3−0.2− 0.1− 0
0.1
0.2
0.3
0.40.5

pd
f

pd
f-

da
ta

(b) EG_RESOLUTION_ALL

0

0.0005

0.001

0.0015

0.002

0.0025

0.003

0.0035

E
ve

nt
s 

/ (
 0

.0
02

 )

Nominal distribution
Upward fluctuation
Downward fluctuation

Muon ID resolution uncertainty

0.6− 0.4− 0.2− 0 0.2 0.4 0.6

truthm
truth-mrecom

0.5−0.4−0.3−0.2− 0.1− 0
0.1
0.2
0.3
0.40.5

pd
f

pd
f-

da
ta

(c) MUON_ID

0

0.0005

0.001

0.0015

0.002

0.0025

0.003

0.0035

E
ve

nt
s 

/ (
 0

.0
02

 )

Nominal distribution
Upward fluctuation
Downward fluctuation

Muon MS resolution uncertainty

0.6− 0.4− 0.2− 0 0.2 0.4 0.6

truthm
truth-mrecom

0.5−0.4−0.3−0.2− 0.1− 0
0.1
0.2
0.3
0.40.5

pd
f

pd
f-

da
ta

(d) MUON_MS

Figure 6.19: “up” and “down” systematic variations affecting an example 0%-width signal
shape at an example mass. Figures from [129].
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Chapter 7

Estimating the fake electron
background

As discussed in section 5.1 the signature of an electron inside the ATLAS detector consists of
hits in the inner detector matched to an energy deposit in the electromagnetic calorimeter.
Unlike muons which leave a unique signature (when accurately reconstructed), electrons
have a signature which by nature can be mimicked by hadronic showers. The likelihood to
mistakenly identify a jet as an electron is small, but the effect is amplified by the fact that
collisions in the LHC produce ∼ 105 jets for every one prompt electron. The presence of such
fake electrons in many ATLAS analyses is therefore unavoidable, although this background
can be suppressed. Similarly, electrons which are produced in secondary decays downstream
from the hard interaction are also an undesirable background.

Quality requirements built into the electron reconstruction algorithm offer baseline re-
jection of fake electrons prior to the main analysis criteria. Then, at the analysis level,
requirements of identification, isolation, and impact parameter cuts add further rejection
of fake electrons. The portion of fake electrons which survive all such measures and enter
the analysis signal region is, however, non-negligible in the dilepton analysis and is thus
modelled as a reducible background contribution.

This chapter describes the procedure used to estimate the “Jets & non-prompt e” elec-
tron background entering the full Run-2 analysis shown in figure 6.9a. Note that the corre-
sponding figure in the full Run-2 publication [1] uses the estimate derived for the 36.1 fb−1

analysis, renormalized to 139 fb−1 (see discussion in section 6.5). While the procedure pre-
sented here uses a similar methodology as the earlier estimate, it was derived following the
publication using a newly developed framework and additionally estimates the fake electron
background properly for the 2017 and 2018 datasets.
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7.1 Origins of fake electrons

Fake electrons are objects passing electron reconstruction and potentially quality cuts which
are either misidentified jets or actual electrons which do not originate directly from the
hard scatter process. The latter are better described by the term non-prompt electrons, or
background electrons. The primary sources of fake electrons are as follows:

Light-flavour jets: comprised of bound states of u, d, and s quarks and also their
antiquarks, for example, π± and K±

Photon conversion: non-prompt electrons pair-produced by a photon interacting with
detector material (particularly the ID)

Heavy-flavour decays: non-prompt (or “soft”) electrons produced in leptonic decays
of c and b hadrons

The first source results from the partial overlap between the signature of an electron and jet
– both produce tracks and calorimeter showers. As discussed in section 4.5, hadronic showers
feature lots of pions, and the proportions of charged and neutral can fluctuate to resemble
an electromagnetic shower. There are aspects of the ATLAS detector layout that help to
differentiate electron from jet signatures. The depths and composition of the calorimeters
were chosen so that the bulk of electron and photon showers would be contained within the
electromagnetic calorimeter. Jets are therefore characterized by a shower which typically
extends beyond the electromagnetic calorimeter, but this does not represent a hard cut in
the electron identification (section 5.1.1).

Jets of light flavour hadrons can also produce non-prompt leptons through intermediate
decays to photons and subsequent photon conversion before the calorimeter: π0 → γγ; γ →
e+e−. This segues into the second category above. Prompt photons can also convert into non-
prompt electron-positron pairs when encountering the Coulomb fields in detector material.
These cases can mimic an electron signature only if some other track is present because
otherwise the Pixel hit requirements for electrons will not be satisfied (table 5.1). One
case which can produce this unfortunate arrangement is when a high-pT muon emits a
bremsstrahlung photon which leads to an associated calorimeter shower. Thankfully this
source is practically eliminated by standard overlap removal which will not permit the same
energy deposit to be used in the electron reconstruction that is associated with a muon.
In case the photon comes from bremsstrahlung or transition radiation of an electron it can
lead to charge misidentification of the electron (section 5.1.3).

The third category is for non-prompt electrons that originate in decays of heavy flavour
hadrons. For example, B+ → e+νe. Typically these electrons are not well isolated in η − φ
from the constituents of the jet containing the heavy flavour decay products.
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7.2 The matrix method

While the other background processes in the dilepton final state are modelled using MC
samples, this is not the case for the fake electrons. Samples of simulated dijet and W+jets
events could be passed through the selection, but only a tiny fraction of the generated
events would enter the analysis signal region. Besides lacking statistical precision, such a
MC-based estimate would amplify any potential mismodelling of discriminating features
such as shower shape (see section 5.1.3). It is therefore a common strategy to deduce fake
backgrounds directly from kinematic distributions in data by manipulating efficiencies (i.e.
rates) of electron quality cuts, typically isolation and identification.

The matrix method is a robust technique for estimating the proportion of a given data
distribution that is expected to comprise fake electrons. Central to the formalism of the
matrix method is the relationship between two bases used to describe the same set of data:

Actual basis Observable basisR : “Real”

F : “Fake”

T : “Tight” = passBaseline & passID & passIso

L : “Loose” = passBaseline & !(passID & passIso)
(7.1)

In data passed through some selection, the numbers of electrons that are actually real
and fake, NR and NF , are not directly accessible (except in simulated data). Instead, they
must be inferred by determining the transformation going from the actual basis to the ob-
servable basis, and then computing the inverse. In the observable basis, electron candidates
are described using two states, tight (T ) and loose (L). The label T is reserved for electron
candidates which pass the full selection S. On the other hand, candidates which pass all se-
lection criteria except for the subset of criteria I ⊂ S targeting fake electrons are labelled L.
As defined in equation 7.1, the analysis criteria used for this study take I to be the electron
isolation and identification criteria, while the other criteria are lumped into a “baseline”
selection.

Presumably there is a high probability r for real electrons to become tight electrons
and a low probability f for fake electrons to become tight electrons. That is the goal of
the quality criteria I. Indeed, as will be determined in sections 7.3 and 7.4 below, these
probabilities or rates are in the following ranges:

“real rate” r ≡ P (T |R) & 90% (7.2)

“fake rate” f ≡ P (T |F ) ∼ 16− 45% (7.3)

The real and fake rates are the key to connecting yields in the observable basis to those
in the actual basis. For example, in a sample selected with baseline criteria the number of
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electron candidates that are tight NT will contain a portion f of the total number of fake
electrons NF . The full relationship is(

NT

NL

)
=
(

r f

1− r 1− f

)(
NR

NF

)
(7.4)

Knowledge of r and f and measurement of the observable yields allows to solve for NR and
NF . In particular, the matrix inversion can be performed in bins of electron pT and η to
derive a spectrum of fake electrons. This procedure is the basis for extracting the invariant
mass spectrum of fake electrons passing the dilepton analysis selection. However, in this
case yields are measured for events with both a leading (1) and subleading (2) electron
candidate, so the baseline selection includes four categories:
NTT

NTL

NLT

NLL

 =


r1r2 r1f2 f1r2 f1f2

r1(1− r2) r1(1− f2) f1(1− r2) f1(1− f2)
(1− r1)r2 (1− r1)f2 (1− f1)r2 (1− f1)f2

(1− r1)(1− r2) (1− r1)(1− f2) (1− f1)(1− r2) (1− f1)(1− f2)




NRR

NRF

NFR

NFF


(7.5)

where the rate factors are labelled as being evaluated at the (pT, η) of the leading or sublead-
ing electron. As in the single electron case, the rate matrixM can be inverted to determine
the vector of actual yields:

~Nobs(pT1,2, η1,2) = M(r1,2, f1,2) ~Nact(pT1,2, η1,2) (7.6)

=⇒ M−1(r1,2, f1,2) ~Nobs(pT1,2, η1,2) = ~Nact(pT1,2, η1,2) (7.7)

Once ~Nact is determined, its lower three entries are of particular interest for back-substituting
into (7.5) and evaluating the following sum:

NTT

∣∣∣
≥1F

= r1f2NRF + f1r2NFR + f1f2NFF (7.8)

which is the matrix method prediction for the amount of events in the signal region con-
taining one or more misidentified (fake) electrons. Contributions from W + jets events will
mainly show up in the first two terms while dijet events will be concentrated in the third
term.

7.3 Measuring real electron rate

The real rate is easy to measure since well-modelled real electrons are readily available via
MC samples. The Powheg+Pythia Drell Yan mass-sliced samples are used for their good
coverage out to high electron ET. Events are passed through the full selection code and
each of the two electrons put into tight and loose histograms depending on whether they
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pass both isolation and identification (in addition to the baseline selection). The real rate
is then calculated as follows:

r(η, pT) = NT

NT +NL

∣∣∣∣∣
DY→ee

(7.9)

The ratio is calculated in bins of pT and η for each of the three MC campaigns. Figure 7.1
shows the result of merging all three. The general plateau shape is driven by the isolation
and identification signal efficiencies reported in [102]. The real rate is above 90% for all but
the first pT bin where both isolation and identification efficiencies are lowest.
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Figure 7.1: The real rate measured with electrons from Drell-Yan MC. Different curves show
five different η bins and the black one the η-inclusive case.

7.4 Measuring fake electron rate

Compared to the real rate, determining the fake rate is much more involved. To start, where
does one get fake electrons? It was already mentioned that MC simulation is not reliable
in this application. In data, on the other hand, fake electrons are reconstructed using the
actual ATLAS detector and also are produced in abundance. The majority are rejected
by standard criteria upstream from the analysis selection, starting with the trigger object
quality requirements. Therefore by deliberately loosening criteria it is possible to recover a
sample that includes a sufficiently large number of fake electrons. Processes that produce
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real electrons will also contribute to such a sample but can be suppressed with vetoes and
also simulated in MC and subtracted off. This strategy is discussed in more detail below.

7.4.1 Fake-enriched data sample

The data sample enriched in fake electrons is obtained in two main steps:

Step 1. Inclusive selection for the fake sample to minimize upstream selection bias by
using:

• samples in the EXOT19 derivation format

• prescaled single-electron triggers with minimal quality requirements

Step 2. Purify the fake sample by removing contamination from real electrons

• NoDY: veto events with 2 or more lhMedium electrons

• NoZ: veto events with invariant mass within 20 GeV of Z peak

• NoW: veto events with missing ET > 25 GeV

• Subtract MC estimates of processes producing real electrons that enter
above selection

The EXOT0 derivation format used for the dilepton analysis is not efficient at collecting
fake electrons because of its upstream requirements (see section 6.3.1). On the other hand,
EXOT19 is dedicated to fake electron studies and only requires at least 1 electron with
pT > 20 GeV. The main quality bottleneck therefore comes in the criteria of the triggers
used. To widen this as much as possible, triggers are used which require at least one electron
with only LHVLoose (i.e. “very loose”) identification. Also etcut-type triggers are used at
higher pT. Different menus of triggers are available in the different data taking periods, and
the ones used are listed in table 7.1.

The tradeoff for triggering on electrons with minimal quality requirements is that these
appear at very high rates (many of them are actually jets), particularly at low-pT. Hence it
is only possible to store a fraction of such events given the limited bandwidth of the ATLAS
high-level trigger. Most of the triggers in table 7.1 are therefore prescaled, meaning that only
every nth event on average which fires the trigger is accepted (where n often varies within a
data-taking period). Triggers with higher pT threshold typically have smaller prescale factors
and are therefore able to keep more events in the pT spectrum above their turn on compared
to using a lower-pT prescaled trigger in the same region. For this reason, depending on the
data-taking period the available prescaled triggers are combined in successive pT bins listed
in table 7.1. For each electron candidate the smallest prescale factor is stored and later
applied as a weight so that the pT spectra from the different triggers are continuous when
combined.
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period trigger prescaled? pT bin
2015 e26_lhvloose_nod0_L1EM20VH Y [30, 65)
2015 e60_lhvloose_nod0 Y [65, 315)
2015 e200_etcut N [315,∞)
2016 e26_lhvloose_nod0_L1EM20VH Y [30, 65)
2016 e60_lhvloose_nod0 Y [65, 126)
2016 e120_lhvloose_nod0 Y [126, 147)
2016 e140_lhvloose_nod0 Y [147, 315)
2016 e300_etcut N [315,∞)
2017 e28_lhvloose_nod0_L1EM20VH Y [30, 65)
2017 e60_lhvloose_nod0 Y [65, 126)
2017 e120_lhvloose_nod0 Y [126, 147)
2017 e140_lhvloose_nod0 Y [147, 168)
2017 e160_lhvloose_nod0 Y [168, 315)
2017 e300_etcut N [315,∞)
2018 e28_lhvloose_nod0_L1EM22VH Y [30, 65)
2018 e60_lhvloose_nod0 Y [65, 75)
2018 e70_lhvloose_nod0 Y [75, 85)
2018 e80_lhvloose_nod0 Y [85, 105)
2018 e100_lhvloose_nod0 Y [105, 126)
2018 e120_lhvloose_nod0 Y [126, 147)
2018 e140_lhvloose_nod0 Y [147, 168)
2018 e160_lhvloose_nod0 Y [168, 315)
2018 e300_etcut N [315,∞)

Table 7.1: Triggers used for creating fake-enriched samples in the different data-taking
periods.

A modified version of the main dilepton analysis code is used to select the fake-enriched
sample, so the object-level criteria for electrons in table 6.4 are applied (except isolation and
identification are not checked for the baseline selection). The event-level criteria of table 6.4
are not applied, except the GRL and event cleaning. Within a given event, each electron
candidate is checked against the fired trigger to see if it matches within ∆R < 0.4.

Once a sample of data is collected using the highly inclusive selection described above,
it is purified to remove real electrons. Three vetos are imposed to suppress electrons coming
from Drell-Yan, and Z and W decays. As will be seen in the next section, these are the
dominant real processes entering the selection. Since events are not required to have more
than one electron, W → eνe is the main source of real contamination. Events which do
have additional electrons beyond the trigger-matched one are required to not have any
combination with |m``− 91.1876| < 20 GeV. Given the steeply falling spectrum around the
Z resonance, the pT range immediately outside this will remain the dominant part.
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(b) Baseline & Isolation & Identification

Figure 7.2: Comparison of data and MC electron pT spectra in the fake-enriched selection
for the full Run-2 dataset. Left shows the baseline selection while right shows the baseline
in addition to full isolation and identification requirements. The MC samples estimate the
real contamination to be subtracted off, therefore agreement is not expected in the data-MC
ratio in the subpanel plots.

7.4.2 Real contamination subtraction

Since the purifying vetos are not 100% effective, it is important to take into account the
residual contamination from real electrons in the fake-enriched sample. This can be esti-
mated by passing MC samples through the selection and vetos. Inclusive samples of W
and Z generated with Powheg+Pythia are used, not the mass-binned Drell-Yan. Other-
wise, the same background samples for the dilepton analysis are used for the processes tt̄
and single- and W -associated top production. Samples of diboson and triboson processes
modelled in Sherpa 2.1 for several lepton multiplicities are also included in the real elec-
tron subtraction, although as will be shown this component is small enough to be nearly
negligible .

The real subtraction samples are processed for each of the three MC campaigns cor-
responding to the full Run-2 data-taking period. An important difference compared to
processing the data is that the corresponding triggers in simulation are not prescaled –
obviously it would be counterproductive to generate events only to discard them. So no
prescale weight is applied to MC events.

Figure 7.4.3 shows the “dilution” plots comparing data and MC in the fake-enriched
selection. The samples correspond to the full Run-2 integrated luminosity. It is clear that
in the selection including vetos, W → eν dominates the real electron background with
Z → ee coming in second. The MC estimates of the main processes show that the baseline
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selection contains between 12.7% (at 400 GeV) and 36% (at 40 GeV) contamination by
real electrons (7.2a subpanel). Applying isolation and identification criteria on top of this
selection significantly reduces the data yield while the MC yields are not much affected. As
a result, the subpanel of (7.2b) indicates as large as 74% real contamination near 40 GeV
which then decreases to 38% at 400 GeV.

7.4.3 Fake rates after subtraction

The sum of MC yields in figure 7.4.3 is subtracted bin-by-bin from the data. While they are
shown integrated over η, the subtraction is done in bins of η (as well as pT bins, but different
than the ones shown here). To account for potential differences in the real contamination,
the subtraction is also done separately for each of the 2015-2016, 2017, and 2018 periods.
The resulting two sets of “post-subtraction” histograms are used to compute the fake rate
as follows:

f(η, pT) = NT

NT +NL

∣∣∣∣∣
fake-enriched data

(7.10)

Figure 7.3 shows the fake rate inclusive of the three data-taking periods; the fake rate prior
to MC subtraction is also shown as a reference. The binning is chosen to line up with the
prescaled trigger regions defined in table 7.1 with an additional final bin that integrates
all electrons with ET > 500 GeV. There is a trend for lower fake rates for more forward
electrons which is probably correlated with the broad decrease in electron identification
efficiency towards higher η (see [102] figure 8). This does not necessarily mean that most
fake electrons will enter the dilepton selection from more central regions – the yield itself
comes from a combination of the fake rate and the production cross section of jets and
non-prompt electrons, which also presumably has some η dependence. Prior to subtraction,
the fake rate ranges within 25% − 65% while afterwards it is 16% − 45% and the spread
between η regions is somewhat reduced.

The amount by which the MC subtraction reduces the fake rate depends on the purity
of the fake-enriched data sample. To the degree that the cuts used to enrich this sample
are aggressive, the real contamination (and hence impact of MC subtraction) will be small,
and vice versa. In this particular configuration, it clearly is important to estimate the real
contamination (figure ) and subtract it prior to evaluating the fake rate.

7.5 Obtaining the mee template for fake electrons

Having measured the real and fake electron rates, the matrix elements in equation 7.5 can
be calculated given the leading and subleading electron pT and η in a dielectron event.
Likewise, the rate matrix can be inverted to predict the actual-basis proportions (mixed
RR, RF, FR, FF) underlying this event measured in the observable basis (exclusive TT,
TL, LT, LL). This procedure is done on an event-by-event basis to reweight a large data
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Figure 7.3: Fake rate calculated (a) before and (b) after subtraction of the MC estimate of
contamination by real electrons. Different curves show five different η bins and the black
one the η-inclusive case.
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sample comprised of events passing the full dilepton signal region selection (TT) as well as
a loosened selection where one or more electrons fail the tight identification and isolation
criteria. Like the sample used to derive the fake electron rate, the EXOT19 derivation is used
to avoid the upstream LHLoose requirement built into EXOT0. However this “loosened” data
sample is different in that it requires a candidate electron pair satisfying the full analysis
criteria, such as firing a dielectron trigger. The key differences between these two samples
and the signal region used in the main analysis are summarized in table 7.2.

Data sample
fake-enriched loosened signal region

Purpose fake rate matrix method reweighting main analysis
Derivation EXOT19 EXOT19 EXOT0

Trigger 1e (table 7.1) 2e (table 6.5) 2e (table 6.5)
Imposed/required?
real suppression Y N N
ee candidate pair N Y Y
full ID & isolation N N Y

Table 7.2: Characteristics distinguishing the two data samples used to estimate the fake
electron background from the main analysis signal region. The “real suppression” refers to
the three vetos and the MC subtraction described in section 7.4.1.

Figure 7.4 shows the elements of the rate matrix in equation 7.5 averaged over events in
the loosened data sample and over all three data-taking periods. The largest entry, at row 0
and column 0, indicates that events with two real electrons are 88.4% likely to be selected as
events with two tight electrons. This simply expresses the sampling of the real rates shown
in figure 7.1 by the kinematics of the electrons in the loosened data sample. The diagonal
elements are all at least twice as large as others in their row and column. This essentially
encodes the degree to which loose events are correlated with fake events and vice-versa.

Each event in the loosened data sample translates to a ~Nobs unit vector with a single
entry filled with “1”. It is then rotated into the actual basis by the inverted rate matrix
(equation 7.7) to produce a set of four weights. Single-event yields are frequently negative
since the matrix method is properly defined on average yields over an ensemble of events, not
individual events. Figure 7.5 shows the proportions of events in the actual basis which are
predicted to populate the four observable basis categories. Because of the use of dielectron
triggers and the baseline quality criteria, the loosened data sample contains 77% events
with both electrons passing the tight identification and isolation criteria. As expected, this
TT majority is dominated by events with two real electrons but also contains 3.6% events
with at least one fake electron. Conversely, for example, the matrix method also predicts
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Figure 7.4: Average values of the rate matrix elements.

that only 6.9% of the selected events where both electrons fail the tight criteria (LL) are
events with two real electrons.

The sum of the three non-RR slivers inside the TT pie chart represent the three terms on
the right hand side of equation 7.8. Their mee spectrum is constructed by applying the RF,
FR, and FF weights to each event in the loosened data sample. The m`` spectrum of events
in the loosened data sample is blinded above 1 TeV since it is expected to contain more data
events at high mass than the dilepton SR. Note that the latter is approved for unblinding
partly because it does require the nominal analysis cuts on electron ID and isolation. The
resulting weighted m`` distribution is shown in figure 7.6 up to 1 TeV. A smooth template
is obtained by a maximum likelihood fit with the following four-parameter function up to
3010 GeV:

ffakes(x) = (1− x)g1 · xg2+g3x+g4(lnx)2 (7.11)

where x ≡ mee/(13 TeV) and the function is normalized to the distribution. The upper value
of the fit range is chosen for fit stability which was sensitive to bins with negative weights
showing up in the low-statistics tail. The best-fit values for the parameters are summarized
in table 7.3 Since the three fake categories produce different mee spectrum shapes it was
also tested fitting each one separately, but this does not significantly improve the fit quality.
Finally, the extrapolation up to 6 TeV is used for the “Jets & non-prompt e” template in
figure 6.9a.
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Figure 7.5: Predicted mixing of event yields in observed (TT, TL, LT, LL) and actual bases
(RR, RF, FR, FF). The relative sizes of the pie charts are in proportion to the total yields
in the four observable-basis categories which are given in the parentheses below them.
Note that labels such as “TT” in this case refer not to events which in fact passed the
corresponding category but to the predicted yields based on back-substituting the answer
of equation 7.7 into equation 7.5.

parameter best-fit value
g0 9.0716± 1.93
g1 −3.2941± 0.161
g2 0.36776± 0.0192
g3 0.066711± 0.00355

Table 7.3: Fitted parameter values of the function in equation 7.11.
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Chapter 8

Statistical analysis

This chapter discusses the process of drawing statistical conclusions on models of BSM
physics from the observed data. For the dilepton analysis, the invariant mass distribution
derived in chapter 6 is the main input for the statistical analysis. In the first sections, the
general concepts of discovery statistics will be reviewed in the context of LHC searches.
Then the statistical analysis strategy for the full Run-2 dilepton analysis (based on a global
functional form fit) will be motivated and described. Finally, the results of the search and
limit-setting phases of this analysis will be presented.

8.1 Discovery statistics

8.1.1 Hypothesis testing

As explained in chapter 6, various BSM scenarios can show up in the dilepton final state
as a distortion (typically enhancement) of the kinematic distributions expected for SM
background processes. But in practice, these backgrounds cannot be modelled with 100%
accuracy, and also include statistical uncertainty depending on the amount of simulated
events that are generated. For this reason there are potentially multiple hypotheses able
to explain an observed signal-like feature. In order to establish the hypothesis of interest –
namely, that a new signal is responsible – it must be shown that the data are sufficiently
unlikely to arise from the background processes and their statistical and systematic vari-
ations1. The latter constitutes the null hypothesis which must be rejected in favor of the
alternative:

Null Hypothesis, H0 ⇔ {µ = 0,θ = ˆ̂
θ}: The observed data resulted from purely the

background distribution and its inherent variations

Alternative Hypothesis, H1 ⇔ {µ = µ̂, θ = θ̂}: The observed data resulted from a
combination of background and signal distributions

1Note that a frequentist, rather than Bayesian approach is taken throughout this chapter.
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The parentheses denote for each hypothesis the final values of the parameter of interest
(POI) µ controlling the strength of the signal and the vector of nuisance parameters θ. The
“hats” are explained below. Note that in other cases, such as cross section measurements,
some fixed reference value for the POI other than zero may define the null hypothesis, but
this discussion is focused on the case of searches for new signals. Nuisance parameters (NPs)
are used to parameterize variations of the background distribution caused by systematic ef-
fects (energy calibration of electrons, uncertainty in the parton distribution, etc.). Under
the null hypothesis, the signal strength is assumed to be zero and the data are explained by
some combination of the NPs within their allowed ranges and/or simply statistical fluctua-
tions of the background. On the other hand, the alternative hypothesis H1 can invoke not
only the NPs, but also nonzero values of the signal strength to explain observed deviations
from the expected background distribution.

Given a dataset ofN bins, the ability of each hypothesis to account for these observations
can be quantified using the following likelihood function based on the Poisson probability
p:

L(data|H) =
N∏
i=1

p (ni ; mi(µ,θ)|H) ·
∏

k∈syst.
U(θk), p (n ; m) ≡ mne−m

n! (8.1)

where ni refers to the observed content of bin i and mi(µ,θ) is the bin’s expected content
as a function of the POI and NPs and under the assumption that hypothesis H is true.
Event yields for a specific process are Poisson-distributed because events are independent
from one another and occur with an identical and small probability, determined by the
integrated cross section and luminosity. For regions of the measurement where an additive
signal component would appear (i.e. the signal region), each bin is expected to contain

mi(µ,θ) = bi(θb) + µsi(θs) (8.2)

where s and b are signal and background distributions which are varied by (potentially
overlapping) sets of nuisance parameters. In general, however, some subset of the bins in
(8.1) may come from a control region used to help constrain systematics in a region devoid
of signal, i.e. mi = ci(θ).

The second factor in equation 8.1 is a product over the sources of systematic uncertainties
which are parameterized by the vector of NPs. Rather than being able to take any real
value, each NP is assumed to lie on a probability distribution U . The constraint represents
auxiliary knowledge about the size of the uncertainty. In typical cases a normal distribution
is a suitable constraint factor.

The hypotheses are most credible when their corresponding likelihood function is max-
imized. Parameter values which maximize the likelihood (i.e. best-fit values) under the al-
ternative hypothesis are denoted by “hats”: {µ = µ̂, θ = θ̂}. When the signal is constrained
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to be zero under the null hypothesis, the NPs will generally assume different “double hat”
values ˆ̂

θ at the new likelihood maximum. A ratio of the two likelihood maxima forms a
simple test statistic, i.e. a quantity which is the basis for deciding whether to reject the null
hypothesis in favor of the alternative:

λ−1(µ) = L(data|µ̂, θ̂)

L(data|µ, ˆ̂θ)
(8.3)

The form shown corresponds to a null hypothesis defined by a fixed reference value of the
POI µ, which, for a search is µ = 0. The reciprocal λ(µ) is known as the profile likelihood
ratio. According to the Neyman-Pearson Lemma [132], a related test statistic is optimal for
the purpose of constructing a hypothesis test, the so-called log-likelihood ratio (LLR):

q0 ≡ − lnλ2(0) = ln

 L(data|µ̂, θ̂)

L(data|µ = 0, ˆ̂θ)

2

(8.4)

where the subscript 0 indicates the null hypothesis of µ = 0. Saying the LLR is “optimal”
means that it provides the largest statistical power, defined as the probability to reject the
null hypothesis given that the alternative is in fact true. This is equivalent to saying it
minimizes the test’s probability β of “false negative” outcomes, or type II errors:

Type I error (“false positive”): Test rejects H0 although in fact H1 is not true (occurs
with probability α)

Type II error (“false negative”): Test fails to reject H0 in the case that H1 is true
(occurs with probability β)

But what about type I errors? Any hypothesis test has some nonzero probability α that the
null hypothesis will be rejected when the alternative is not in fact true. To clarify, then, the
use of the LLR test statistic maximizes the power (1− β) for a fixed value of α. Depending
on how much is at stake for reporting a false positive, the test is configured to admit an
acceptably small α. For tests of new physics at the LHC, the bar is set high to avoid the
risk of reporting a false positive. Two thresholds for α are defined: evidence, corresponding
to α ' 0.13%(3σ) and discovery/observation at α ' 3× 10−7(5σ).

To determine whether a given observation justifies rejecting the null hypothesis (passing,
say, the threshold for evidence) the corresponding p-value must be calculated. It is defined
as follows for a given observed value of the test statistic q̂0:

p0 = p(q0 ≥ q̂0|H0) =
∫ ∞
q̂0

f(q0|H0)dq0 (8.5)

where f(q0|H0) is the underlying probability distribution of the test statistic under the null
hypothesis. Thus the p-value can be understood as the odds of drawing a dataset from
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purely background processes which is at least as discrepant as the observed value, measured
by the test statistic. The outcome of the hypothesis test then depends on whether the p-
value of an observation, based on the chosen test statistic, is smaller than the agreed-upon
threshold α. A general-purpose method to calculate the p-value is to generate a large set
of pseudo-experiments (a.k.a. toys) from the known distribution of the observable under
the null hypothesis, for example, MC background templates. After fitting each toy with the
s+b model, a distribution of the test statistic q0 can be populated and integrated to get the
p-value for a given observation. However, under certain conditions, a much faster method is
available based on the expected analytic form of the test statistic distribution (see [133]).

Under the null hypothesis, a sufficiently-large sample is expected to exhibit statistical
fluctuations both upward and downward with equal probability. Assuming for now we are
only interested in a positive signal, the signal strength can be capped µ ≥ 0 such that
upward fluctuations will produce q̂0 > 0 and everything else is lumped into q̂ = 0. Thus the
test statistic distribution can be split into two equal-size populations:

f(q0|H0) = 1
2δ(q0) + 1

2f+(q0 > 0|H0) (8.6)

where f+(q0 > 0|H0) = χ2
k(q0) = q

k/2−1
0 e−q0/2

2k/2Γ(k/2)
(8.7)

The second line follows from Wilks’ theorem [134] in the limit of large sample sizes (a.k.a.
the asymptotic limit), which states that the positive values of the test statistic follow a
chi-square distribution. The k degrees of freedom are equal to the number of POIs that
distinguish the alternative hypothesis from the null one. The case being considered is of a
single POI, the signal strength µ. Figure 8.1 compares the distribution of q0 values derived
from 100k toys with the asymptotic expression χ2

k=1(q0) for a single POI. The first bin
integrates the delta function spike at q0 = 0 and thus contains more than half of the toys.

The p-value under the distribution in figure 8.1 can be expressed by substituting (8.7)
with k = 1 in (8.5):

p0 = 1
2

∫ ∞
q̂0

χ2
k=1(q0)dq0 = 1

2

∫ ∞
q̂0

q
k/2−1
0 e−q0/2

2k/2Γ(k/2)

∣∣∣∣∣
k=1

dq0 = 1
2
√

2π

∫ ∞
q̂0

e−q0/2
√
q0

dq0 (8.8)

= 1√
2π

∫ ∞
t=+
√
q̂0
e−t

2/2dt (8.9)

∴ p0 = 1− Φ(
√
q̂0) (8.10)

where Φ is the normal cumulative distribution function, following the substitution t = √q0

in the second line. Thus, in the case of one POI and the asymptotic limit the p-value is simply
the Gaussian tail integral to the right of

√
q̂0. The translation into Gaussian significance is

therefore trivial:
z0 =

√
q̂0 (8.11)
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Figure 8.1: Comparison of the LLR test statistic distribution modelled using toys and in
the asymptotic limit using the χ2

1 distribution. Each of the 105 toy datasets is drawn from
the expected background template normalized to 3.3 fb−1 and used for a hypothesis test
at pole mass of 500 GeV. This is a region sufficiently populated to justify the asymptotic
approximation, as can be seen by the agreement between the two distributions. The bin
width is 0.2.

A final simplification can be realized using the result of Wald [135] (as cited in ([133],
equation 17)): assuming the observed POI value µ̂ is Gaussian-distributed with standard
deviation σµ about a central value µ′, the observed LLR tends to

q0 = µ̂2

σ2
µ

+O
( 1√

N

)
(8.12)

where N is the size of the data sample. Up to the correction term, then, (8.12) substituted
into (8.11) yields

z0 '
µ̂

σµ
(8.13)

On a practical level, µ̂ is directly the best-fit value returned by the log-likelihood minimizer
while σµ is its estimated uncertainty. The latter is calculated by propagating the uncertain-
ties of all fit parameters (including NPs) into the POI through the covariance matrix.

Given that the signal strength is constrained to be positive, the LLR test statistic in
equation 8.4 assigns to negative fluctuations an equal likelihood of arising under either of
the null or alternative hypotheses. The maximum p-value is thus 50%. While resonance-
like signatures in the downward direction are not physical (apart from strong interference
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effects), it is helpful to quantify them in order to compare with the frequency of positive
fluctuations and to identify potential systematic effects. A modified two-sided test statistic
is thus defined as follows:

q̃0 ≡


+ ln

[
L(data|µ̂,θ̂)
L(data|µ=0,ˆ̂θ)

]2
, µ̂ ≥ 0

− ln
[

L(data|µ̂,θ̂)
L(data|µ=0,ˆ̂θ)

]2
, µ̂ < 0

(8.14)

Hence q̃0 will be distributed as a two-sided χ2
1 – figure 8.1 mirrored about the y-axis. It is

shown by the red curve in figure 8.2. In the two-sided definition, downward fluctuations are
characterized by p-values greater than 50% and negative Gaussian significance. The latter
follows simply by allowing µ̂ to be a negative quantity in equation 8.13.

Note on the look-elsewhere effect

Searches which perform a grid scan of hypothesis tests across one or more signal parameters
(e.g. the pole mass) must account for the look-elsewhere effect. Because the scanned param-
eter is not known a priori there is a greater probability for the background to significantly
fluctuate somewhere in the scan as opposed to at one particular point. Consequently, the
largest significance found in a scan must be converted to a global significance accounting
for the increased likelihood that it could be merely a background fluctuation. The effect is
substantial for the dilepton analysis because of the size of the signal hypothesis scan and
the well-resolved observable. Refer to appendix B for a more detailed discussion and studies
of the look elsewhere effect in the dilepton analysis.

8.1.2 CLs limit setting

When a search for new physics fails to reject the null hypothesis – that zero signal is present
– a follow-up set of tests is usually defined to determine which hypotheses of non-zero signal
strength can be rejected. Given that no signal-like feature is observed, it intuitively becomes
doubtful that a large signal could have been veiled by a fluke downward fluctuation in data.
Thus, cases of null results in searches can be translated into bounds (a.k.a. constraints) on
model parameters wherein they remain statistically compatible with the measurement. For
a given model, parameters such as BSM coupling and mediator mass can be constrained
through their relation to the signal cross section. In turn, the maximal value of the signal
cross section which is deemed compatible with the analysis results is proportional to (in our
case equal to) the upper limit on the POI. Setting an upper limit on the POI can be posed
as the following problem:

How large can the true POI be and still yield – in 100 · (1 − α)% of trials –
observations that are as or less signal-like than the one in question?
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where the percentage is refered to as the confidence level (CL) of the limit. Typically
ATLAS analyses adopt 95% CL (i.e. α = 0.05), meaning that any POI value above the
upper limit would have produced more significant results with at least 95% probability. As
with calculating p-values, a frequentist approach to setting limits can be done in a brute
force way, using toy ensembles, and in the asymptotic limit using closed-form expressions.

So far we have discussed the distribution of q0 (equation 8.7) for the case of background-
only data – i.e. true signal strength of µ′ = 0 – where its median is 0. If, however, the
alternative hypothesis is true, µ′ > 0 and the q0 distribution shifts toward positive values
according to equation 8.12. Example distributions of q0 for different values of underlying
µ′ are shown in figure 8.2. Also illustrated, in figure 8.2b is the p-value associated with
rejecting the null hypothesis, pb, which has already been discussed. However, the most
relevant p-value when deciding whether to reject a hypothesis of non-zero signal strength
is the one shown labeled as ps+b. In the example shown, ps+b = 0.12 which means that
one can expect to observe q̂0 ≤ 3 in 12% of trials if an actual signal of strength µ′ = 16 is
present. Equivalently,

CLs+b : (1− ps+b) = 88% (8.15)

which does not meet the 95% CL threshold for rejecting the µ = 16 hypothesis. The upper
limit on µ is thus higher than 16 and can be found by generating test statistic distributions
with larger underlying signals until the tail pinches off below ps+b < α = 0.05.

The above description has basically explained the procedure used in ATLAS to set upper
limits, except for two modifications: (1) a different test statistic, qµ, is actually used and (2)
the α threshold is checked using a modified tail probability, CLs. For the first point, since
it is some µ > 0 hypothesis which an upper limit is meant to reject, it is more fitting to use
a test statistic associated with this fixed value of µ (rather than q0 which tests the µ = 0
hypothesis).

qµ ≡

−2 lnλ(µ), µ̂ ≤ µ

0, µ̂ > µ
(8.16)

In this definition the null hypothesis is not µ = 0 but rather “µ = µ > 0”. Observed µ̂ that
are lower than the hypothesized µ translate to larger values of qµ. Conversely, observations
that are larger than µ are not considered to count against the null hypothesis, so qµ = 0 in
such cases.

Even though based on the q0 test statistic, the same result can be obtained using an
analogous calculation of ps+b and pb using qµ, but it is arguably a bit less intuitive. Appendix
B.2 shows distributions of qµ to validate this statement and the analogous version of figure
8.2b.
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Figure 8.2: Distributions of the LLR test statistic q0 for 10k toys generated for different in-
jected signal strengths µ′. (a) shows how the distribution shifts upward with µ′ compared to
the 2-sided χ2

1 distribution generated under the background-only hypothesis. (b) illustrates
the two p-values used in the CLs method for the signal strength hypothesis of µ′ = 16 and
an example observed q̂0 of 3. Each toy dataset (with 200k events) was both generated and
then fit at a fixed mass using a simple s+ b model based on an exponential background.

Regarding the second modification, ATLAS sets upper limits using the following quantity
which incorporates both ps+b and pb:

CLs ≡
ps+b

1− pb
<

req.
α (8.17)
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The use of CLs is meant to make the α threshold more difficult to reach for observations
which are easily accommodated under the background-only hypothesis (large pb) [136].
This helps prevent excluding signal hypotheses which the analysis does not sufficiently
distinguish from the background-only hypothesis. On the other hand, for observations with
a very small probability under the null hypothesis the CLs method becomes the same as
CLs+b. For example, considering again figure 8.2b, the CLs method is very similar to the
ps+b since pb = 0.0383 is small such that the denominator is close to 1.

Fitting a complicated model to thousands of toy datasets per µ′ in the upper limit scan
to generate the qµ distributions for upper limits can be very computationally expensive.
That is especially true for limit-setting in a scan over signal parameters such as pole mass.
Once again an asymptotic form for the distributions of qµ can be invoked in the large
sample limit (hence the following is not valid for regions of low data yields such as tails).
Equation 56 of [133] gives the asymptotic qµ distribution when calculated for datasets that
have underlying/injected µ′ = µ. It turns out to be the same as in equation 8.7 for the q0

case: a (half) chi-square distribution. Figure B.9 in appendix B.2 demonstrates this for qµ
distributions with µ′ = 8, 12, 16. Therefore the same shortcut derived in equation 8.10 can
be used to calculate ps+b for upper limits:

ps+b = 1− Φ(
√
q̂µ) (8.18)

Note that for a given observed µ̂ the value of q̂µ is not the same as q̂0 and needs to be
calculated using both a fit to the dataset at the hypothesized µ fixed and at µ free.

8.2 Global fit

Beyond the Z peak, SM processes generate a smoothly-falling dilepton invariant mass spec-
trum populated in data across a span of over 2 TeV. The least monotonic background is the
tt̄ process but its first derivative nonetheless remains negative throughout. The breadth and
smoothness of the SM background distribution in contrast to a narrow, localized resonance
make it possible to construct a search based on a data-driven background estimate, that is,
a functional form fit to data. This approach has been adopted for the first time in the full
Run-2 iteration of the ATLAS dilepton analysis for reasons which will be motivated in the
following section.

8.2.1 Motivation

Exceptional measures have been taken to model the Drell-Yan differential cross section at
high mass with high statistical precision (mass-binned samples) and inclusion of higher-
order effects through various K-factors (section 6.2.1). These steps made it possible to
accurately model the expected dilepton invariant mass spectrum of the full Run-2 ATLAS
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dataset, as shown in figure 6.9. However, generating the necessary sample size to keep up
with the integrated luminosity of Run 2 raised the question of whether a more sustainable
approach could be developed for modelling the SM backgrounds in the dilepton analysis.

During the statistical analysis of the dilepton spectrum at 36.1 fb−1 it was noted that the
mass-binned Drell-Yan samples provided suboptimal statistical precision in the region below
about 1 TeV. In order to discern small departures of the data from expected SM yields, a
much larger number of background events must be generated to avoid statistical fluctuations
which obscure the signal. Ideally the number of MC events should be NMC & 100 ×Ndata

to achieve a relative statistical uncertainty of order 10%:

σrel(MC)
σrel(data) =

√
NMC/NMC√
Ndata/Ndata

=
√

100Ndata/(100Ndata)√
Ndata/Ndata

= 0.1 (8.19)

But MC statistical fluctuations may also be acceptable that are ∼ 20% the size of those in
data, corresponding to a MC sample that contains 25 times the amount of events expected in
data. Unfortunately, the situation encountered in the low-mass end of the dilepton spectrum
did not even reach this 20% figure. Figure 8.3 shows the ratio of relative statistical errors
on MC and data as a function of the invariant mass. Clearly, suboptimal MC statistical
precision was also a problem for the top backgrounds (mainly tt̄).

 [TeV]llm

0.2 0.3 1 2 3 4 5 6

da
ta

σ/
M

C
σ

0

0.2

0.4

0.6

0.8

1

1.2

1.4 Electron channel
MC Total bkg.
MC Drell-Yan
MC Top
MC Diboson

(a) Dielectron channel

 [TeV]llm

0.2 0.3 1 2 3 4 5 6

da
ta

σ/
M

C
σ

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6
Muon channel

MC Total bkg.
MC Drell-Yan
MC Top
MC Diboson

(b) Dimuon channel

Figure 8.3: Ratio of relative statistical uncertainty of MC to data for the three main MC
backgrounds in the 36.1 fb−1 analysis. Ideally the ratio should be at most around the 10%
level, while up to 20% may also be acceptable. Figures taken from [129].

As a result, the “bumpiness” inherent in the MC-based background estimate reduced the
sensitivity of the 36.1 fb−1 analysis to small resonances. For example, a real excess present
in data would be partially obscured if it coincided with an upward statistical fluctuation
in the MC background. The impact was modelled by introducing nuisance parameters in
the likelihood which allow the MC bin contents to vary within their statistical uncertainty.
The sensitivity loss is shown in table 8.1 for the electron channel. Enlarging the Drell-Yan
samples to reach the 10% level would require on the order of 100 million additional MC
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Mass [GeV] Sensitivity loss
150 35%
200 18%
300 13%
500 6%

Table 8.1: Sensitivity loss estimated for different pole masses resulting from statistical un-
certainty on the MC background templates in the 36.1 fb−1 dilepton analysis. In the end
the impact was reduced by a smoothing procedure applied to the templates.

events. The option is clearly computationally very expensive and could become a bottle-
neck for moving the analysis forward. As a temporary solution in the 36.1 fb−1 analysis,
a functional form fit was applied to smooth the Drell-Yan MC template between 120 GeV
and 1 TeV so that statistical fluctuations could be reasonably neglected.

At the same juncture where a directly MC-based background estimate was becoming
problematic, the data-driven alternative became feasible. The successful use of a functional
form fit to smooth the MC background opened the door for considering a fit directly to
data. In principle, the shape of the background extracted using a functional form fit to
data becomes better constrained as a larger amount of data is used. This of course assumes
that an appropriate functional form can be chosen which does not introduce mismodelling.
In order to check that, an accurate (if not optimally precise) MC background estimate
remains highly valuable for validating and optimizing the function choice in an unbiased
way. For the functional form used in the full Run-2 analysis, several such checks were done,
as described in the following section. Furthermore, a sensitivity comparison was done by
overlaying the expected signal cross section limits based on a data-driven analysis and based
on MC templates.

Finally, it should be noted that the data-driven strategy includes validation using back-
ground MC samples and is therefore not fully immune to uncertainties in those samples.
This will be explained in section 8.2.4.

8.2.2 Description

Two complementary frameworks were investigated for the functional background modelling:
an iterative technique based on a sliding window fit (SWiFt), and a global fit to the entire
signal region. While the SWiFt approach was more robust (i.e. able to model all parts of
the spectrum) it turned out to be slightly less sensitive in terms of expected signal cross
section limits. In the future, larger datasets will be more challenging to fit and this is likely
the situation where the SWiFt approach will have the advantage. The SWiFt methodology
and its comparison to the global fit approach is documented in appendix C.

An assortment of functions were tested including those with forms similar to what has
been used in past dijet and diphoton resonance searches. In the end the following choice
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was found suitable to describe both dielectron and dimuon invariant mass spectra:

fbkg(x) = a · BWZ(x) · (1− xc)b · x
∑3

i=0 pi(lnx)i (8.20)

where

x = m``√
s
, c =

1 , ee

1/3, µµ
, a, b, pi : free parameters (8.21)

and
BWZ(x) = ΓZ

(mZ − x ·
√
s)2 + Γ2

Z

(8.22)

with PDG values for the Z boson mass and intrinsic resonance width of mZ = 91.1876 GeV
and ΓZ = 2.4952 GeV, respectively. Firstly, the observable x of the function is a rescaling
of the invariant mass by the LHC centre-of-mass energy. Next, notice that the core of the
function (8.20) is a 4th-order polynomial in “log-log” space:

ln fbkg︸ ︷︷ ︸
Y

=
3∑
i=0

pi(ln x︸︷︷︸
X

)i+1 (8.23)

The space Y vs. X is the usual choice for visualizing the dilepton spectrum in figures such as
(6.9), and is also a practical space in which to fit a functional model. An additional factor of
(1− xc) was found to help provide stability of the fit in the high-mass tail of the spectrum,
with the c hand-tuned for goodness of fit in each channel. Note that although the SM m``

spectra in both channels are essentially identical at truth level, significant differences in
their shape and normalization are introduced by reconstruction and selection efficiency as
well as detector resolution. Up to this point the form of the function is identical to the one
used to model the diphoton invariant mass spectrum in ATLAS [137]. This choice was in
turn inspired by earlier searches in the dijet final state by the CDF collaboration [138]. But
in application to the dilepton final state, the somewhat ad hoc functional form is multiplied
by a clearly physics-motivated piece BWZ describing the Z Breit-Wigner resonance shape.

Fit configuration

The full background plus signal model is fit to the data by minimizing the following full
likelihood function:

L(mX ,ΓX |σX , ~p,θ) =
N∏
i=1

P (niobs , n
i
exp)

∏
k ∈ syst.

Gaus(θk, 0, 1) (8.24)

with

niexp = f ibkg(~p)+
[
σX ·Aε(mX ,ΓX ,κ)L·κL+θss ·

∣∣Nss(mX ,ΓX)
∣∣ ] ·f isig(mX ,ΓX ,θµ,σ) (8.25)
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where

• f i refers to the integral of the function f in the ith m`` bin

• fsig is the generic signal model (equation 6.11)

• σX is the POI, the cross section for the signal of mass mX and width ΓX

• Aε is the signal acceptance × efficiency

• L is the integrated luminosity of the dataset

• ~p is the vector of background function parameters

• θ are the full set of nuisance parameters controlling the systematic variations

• θµ, θσ are the “shape” nuisance parameters which shift the signal resonance mean
and vary its width

• κ are the subset of nuisance parameters which enter as factors multiplying the lumi-
nosity and acceptance times efficiency2

• |Nss| is the parameterized symmetrized spurious signal yield (discussed in section 8.2.3
below)

The global fit is performed on a data histogram of N = 5775 linear 1 GeV bins running from
225 GeV up to 6000 GeV. The binning is chosen to be fine enough that the experimental
mass resolution limits the shape of the distribution, not binning choice. Recall from figure
6.14 that in the electron channel the mass resolution ranges from about 2 GeV at the low
end of the spectrum to ∼ 10 GeV at 1 TeV. A fit to an unbinned data distribution would
be ideal, but this is computationally unfeasible and no substantial gain is expected beyond
what is achieved with the 1 GeV binning.

The Hfitter framework [139] is used to implement the global fit described above.
Hfitter is partly standalone and partly a wrapper of RooStats libraries which was previ-
ously used for the statistical analysis of the high-mass diphoton spectrum [137].

8.2.3 Validation

This section discusses the methods used to guide the choice of functional form for the
global fit and to validate its modelling capability. The concerns addressed are that the
function adequately models the entire range of the spectrum (across more than 5 orders
of magnitude), whether it can potentially induce spurious signal-like discrepancies, and if
it will not be so flexible as to “fit away” a real signal excess in data. The function choice

2In this case the Gaussian constraint has mean of 1 (the nominal factor).
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and validation is based on the smooth MC background template obtained via the transfer
function smoothing technique discussed in section 6.6.

Spurious signal test

The choice of functional form is guided by a measure of its goodness-of-fit (GOF). Various
GOF figures of merit can be used to measure the efficacy of a candidate function to describe
a dataset, such as the χ2 test and the Kolmogorov-Smirnov test. The χ2 is computed as the
sum of squared fit residuals:

χ2 =
N∑
i=1

[
f(xi)− ni
σ(ni)

]2
=

N∑
i=1

[f(xi)− ni]2

ni
if ni are Poisson-distributed (8.26)

However, the difficulty of interpreting the χ2 measure in this situation stems from the
fact that the bin contents in the validation background templates do not follow the “

√
N”

prescription. For example, a fit directly to the mass-sliced Drell-Yan sample incorporates
bins with statistical uncertainties that are scaled down by a factor

√
NMC/Ndata, and further

this varies from slice to slice. It is even less clear how to incorporate bin errors in the case
of a validation template obtained using the transfer function smoothing. It is therefore not
straightforward to compare an observed χ2 value with what is expected from a reference
distribution based on Poisson-distributed bin counts.

Instead, while χ2 values are used to gauge the relative performance of different functions,
a custom GOF metric is defined: the spurious signal yield Nss. The spurious signal is defined
as the signal yield extracted from a background + signal model fit to a background-only (i.e.
MC) dataset. As such, it is a function of the signal mass and width hypothesis. Using Nss as
a figure of merit assumes that mismodelling of the background estimate can be effectively
targeted by minimizing it in terms of fitted signal yield. The absolute size of the spurious
signal is required to be at or below the level of half of a standard deviation on the expected
signal yield:

|Nss|
σexp
Nss

= |µ̂|
σexp
µ

. 0.5 (8.27)

where µ̂ is the best-fit (spurious) signal strength and σexp
µ its uncertainty. The second

expression follows from cancelling the common factors of Aε · L in the numerator and
denominator. The condition can therefore be interpreted as limiting the spurious signal
“significance” (via equation 8.13) to be below 0.5σ. The performance of the background
function 8.20 in terms of both spurious signal yield Nss and the ratio |Nss|/σexp

Nss
is shown in

figure 8.4.
While for the Γ/mX = 0% width signals the ratio |Nss|/σexp

Nss
remains essentially below

0.3, larger values were obtained for wider signals. This is driven by the decrease in sensitivity
to wide signals because of less distinction from the background. In any case, the values for
signals up to Γ/mX = 10% width remain small – in the range of 0.05− 0.35 for the dimuon
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Figure 8.4: Spurious signal absolute yield (top row) and “significance” (bottom row) for the
global fit function (equation 8.20) and a Γ/mX = 0% width signal. The left column is the
dielectron channel and the right column is the dimuon channel. Also shown in the plots on
the left are a solid line connecting the main maxima and the smooth parameterization of
the spurious signal shown as a dashed line. Plots in the bottom row show values obtained
from the nominal background template in a dashed line and also those obtained from the
envelope of systematic variations in a symmetrized solid line. Figures taken from [129].

channel. For the electron channel this was also mostly true aside from mX ∼ 950 GeV where
for the widest signals it reached |Nss|/σexp

Nss
' 0.5.

Another assumption underlying the spurious signal test is that the validation template
is devoid of signal-like fluctuations. As discussed in section 8.2.1, the presence of statistical
fluctuations in the NLO Drell-Yan samples made them less suitable for a smooth background
estimate. Similarly, also for the purpose of estimating spurious signal, the MC templates
prove inadequately smooth. That is, using them directly to validate the fit will lead to an
artificially large spurious signal which points not to background function mismodelling, but
to actual statistical fluctuations in the template. This “contamination” can not be fully
eliminated but must be reduced to a workable level if possible.
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It is therefore the important role of the transfer function smoothing (section 6.6.3) to
produce a suitably smooth validation template. However, statistical fluctuations, though
considerably smoothed out, are still sizable enough at points that they cannot be ruled
out as alternative sources of the measured spurious signal (instead of fit mismodelling). For
example a statistical fluctuation in the validation template seems to be the best explanation
for the peak in fitted signal in the dielectron channel between 900 − 1000 GeV. For this
reason, MC statistical uncertainty still enters the data-driven analysis as a “second-order”
effect through its contribution to the size of the spurious signal systematic, which will be
discussed in section 8.2.4.

Signal injection test

If minimizing spurious signal was the only criterion for validating a functional form as a
background model, it could suggest picking an overly-flexible one. Such a function may have
enough parameters to conform to broad features of the smooth validation template, but may
also be able to absorb real excesses when fit to data. So it is very important that a data-
driven background model be flexible enough to model well the smoothly-falling spectrum
but rigid enough that it cannot easily accommodate signal-like features in data.

The expected performance of the global fit function (8.20) in the presence of actual
signals was tested by injecting signals into the validation template. A full b + s fit was
then done on the resulting mock dataset to extract the underlying signal. The comparison
of extracted vs. injected was verified for good linearity across values of the injected signal
from zero up to five times the signal cross section of the expected 95% CLs upper limits.
Note that the extracted signal for zero injected is simply the spurious signal. The test was
done for signal pole masses of 300 GeV and 1000 GeV in the electron, muon, and combined
channels.

Additional parameter test

To account for the possibility that the background validation template does not adequately
model the full Run-2 dataset after unblinding, a procedure was put in place beforehand to
allow for a more flexible background function. In case the nominal function (8.20) turned
out to not model the data well, additional parameters multiplying higher powers of (ln x)
in the exponent of x could be introduced if found to substantially improve the background-
component fit. The condition is based on a hypothesis test using the LLR of the two fit
functions. If the function including the additional parameter improves the fit at a significance
of 2σ with respect to the nominal, it is substituted in as the new function choice. Choosing
the form of the alternative function prior to looking at the data avoids biasing the analysis.
In the end, however, the background fit to the full Run-2 dataset was not found to improve
at this level through the addition of a parameter, such that the nominal function (8.20) was
therefore used.
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8.2.4 Uncertainties

The propagation of systematic and statistical uncertainties into the functional form-based
background estimate are discussed below.

Systematic

Since the final background estimate is derived from data, sources of systematic uncertainty
which have to do with potential differences between MC and data do not directly apply.
However the functional form is assumed to have its own modelling limitations which are
quantified by the spurious signal. Thus the potential for the background estimate to in-
troduce artificial differences with respect to the data is a source of systematic uncertainty.
After vetting the function by the requirement (8.27) the measured spurious signal yield
is used to set the size of this systematic. A nuisance parameter θss is introduced into the
full likelihood function (8.24) as an additional term multiplying the signal model (8.25). θss

therefore plays an analogous role to the signal strength except for two important differences:
it is constrained by a unit-normal penalty term, and it remains free under both the null
and alternative hypotheses.

To appreciate how this works, consider an s + b fit to data at the location of a small
excess which, for example, happens to be about the size of the spurious signal which was
measured at that point on the background template. Under the alternative hypothesis, the
signal strength µ (a.k.a. σX) can be varied by the minimizer at no cost to the likelihood.
However, when µ = 0 is enforced under the null hypothesis, the minimizer can still invoke
the same signal component via the θss parameter except that it incurs a likelihood penalty
from its constraint term, for this example on the order of a 1σ pull. The upshot is that
the likelihood fit is partially able to fit using the signal model under the null hypothesis,
according to how much spurious signal was measured. As a result, the difference between the
numerator and the denominator in the LLR (8.4) is decreased and likewise the significance
of the observed excess.

The valueNss varies up and down, as already mentioned, due partly to residual statistical
fluctuations in the smoothed MC template. Therefore it needs to be smoothed across the
m`` spectrum to facilitate an NP constraint which does not jump around from mass to
mass. A 5-parameter function similar in form to (8.20) – without the Breit-Wigner factor –
is used to provide a smooth envelope of the spurious signal as a function of pole mass which
is also shown in subfigures 8.4a and 8.4b.

Now, besides statistical fluctuations, the MC used for the smooth background template
is subject to a range of systematic variations. Variations of the MC (which may prove
more true to the shape of data) might be more difficult for the function to fit. Hence
the spurious signal obtained from the nominal template in principle underestimates the
actual fit modelling uncertainty. To propagate systematic variations of the MC, the spurious
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signal envelope is expanded to bound the Nss(mX) measured not only on the nominal MC
background template, but also its ensemble of systematic variations. Systematic variations
on background MC therefore translate into “uncertainties on an uncertainty” – that is, they
enter at second order via an inflated spurious signal systematic.

Figure 8.5 shows an example of Nss obtained using templates varied by the systematic
uncertainty in αs. An analogous figure exists for each of the theoretical uncertainties listed
in table 6.7. The overall envelope floating on this whole set of varied templates is also shown
(which is the same curve shown in figure 8.4).

210×3 310 310×2 310×3  [GeV]poleM

4−10

3−10

2−10

1−10

1

10

210

310

| [
ev

en
ts

]
sp

ur
|N

Overall envelope

Nominal

 1downSα
 1upSα

(a) ee channel

210×3 310 310×2 310×3  [GeV]poleM

4−10

3−10

2−10

1−10

1

10

210

310

| [
ev

en
ts

]
sp

ur
|N

Overall envelope

Nominal

 1downSα
 1upSα

(b) µµ channel

Figure 8.5: Spurious signal absolute yield obtained on the nominal background template
compared to “up” (green) and “down” (red) templates of the ALPHAS (αs) systematic vari-
ation. The overall envelope covering all systematic variations is also shown for reference as
a solid black line. A signal of width Γ/mX = 0% is used for this example. Figures taken
from [129].

Statistical

The statistical uncertainty of the dataset used to constrain the fit propagates by way of the
covariance matrix through to an uncertainty on the function parameters. In a full “back-
ground + signal” (b+ s) model used to extract signal strength, the statistical variations of
background parameters are interconnected with uncertainty σµ on the best-fit value of the
parameter of interest. In this way statistical uncertainty enters directly into the expected
signal significance (e.g. sensitivity) via equation 8.13. The impact of data sample size is
therefore incorporated automatically through the evaluation of the best-fit model param-
eters and their correlations in a likelihood minimization where they are allowed to float.
The background function parameters and the POI float freely while nuisance parameters
vary within their constraints. For the full Run-2 analysis this was implemented in RooStats

[140] which employs as backend the Minuit minimization package [141].
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8.3 Summary of systematic uncertainties and impact

The treatment of background uncertainties via the spurious signal systematic was discussed
in section 8.2.4. Systematic uncertainties introduced through variations of the signal nor-
malization and shape were discussed in sections 6.8.1 and 6.8.2, respectively. To summarize,
then, systematic uncertainties are incorporated into the analysis results through the follow-
ing routes:

Background variation: spurious signal systematic – θss in (8.25). Envelope of:

• Nss on the nominal background template

• Nss on the ensemble of bkg. templates varied by theory systematics in table 6.7

Signal variation: experimental systematics

• normalization – κ in (8.25) (enters limits but not p-values)

– Luminosity (integrated)
– Aε

• shape

– width – θσ in (8.25)
– shift – θµ in (8.25)

Benchmark signal cross section: envelope of PDF (theoretical) systematics applied
to Z ′SSM cross section for qualitative comparison (figure 8.9a)

The final way in which systematics are treated in the full Run-2 dilepton analysis is to pro-
duce the uncertainty band on the predicted Z ′SSM cross section. The procedure for applying
PDF eigenvector and choice variations in this way is discussed in section 9.2.1. The result is
shown in figure 8.9a but not taken into account in the statistical analysis – it merely gives
an idea of uncertainty on the obtained Z ′SSM mass limit.

The parameterized (relative) variations of the signal normalization described in section
6.8.1 enter as the κ NPs which directly multiply the Aε term in equation 8.25. Systematic
variations of the signal shape discussed in section 6.8.2 are more technical to implement.
The signal shape is allowed to morph smoothly between the “up” and “down”-varied TF
parameterizations through instances of the FlexibleInterpVar class in RooStats. The
minimizer can thereby determine a best-fit signal shape for a given feature in data by
varying the θµ and θσ NPs within the Gaussian constraint.

The impact of systematic uncertainties on the final dilepton cross section limits is rel-
atively small, resulting in a (4–7)% reduction compared to the statistics-only limits. The
impact of the dominant sources of systematic uncertainty in each channel are listed in table
8.2. The metric used is the relative change to the signal strength from its expected upper
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limit value at the given mass and width. Systematic uncertainties with impact smaller than
±0.5% are not listed.

At low mass (300 GeV) the spurious signal systematic is the dominant uncertainty
in both channels. In the electron channel this gives way first to uncertainty in energy
resolution and then identification efficiency. For muons, the rising uncertainty associated
with muon reconstruction efficiency (listed as “Identification”) at high-pT grows to 25% at 6
TeV. However it is surpassed by the efficiency uncertainty of the “good muon” requirement
which blows up into the multi-TeV tail, up to +55%/− 35%. Most of the systematics have
a similar impact for both the 0% and 10% signal width cases, except for those affecting
lepton resolution which have a smaller impact for wider signals.

A flat uncertainty of 1.7% is assigned to the full Run-2 integrated luminosity (i.e. 139.0±
2.4 fb−1) as described in [142]. The LUCID-2 detector [143], installed 17m downstream
from ATLAS, provides the primary luminosity measurement and is crosschecked against
additional methods.

8.4 Statistical results

The final fits of the function (8.20) to the full Run-2 dilepton invariant mass are shown in
figure 8.6. The choice of 100 log-spaced bins in this case is purely for visualization purposes
whereas the actual fit is performed on 1 GeV linear binning (see discussion in section 8.2.2).
The best-fit values of the background model parameters under the null hypothesis are
reported in table 8.3.

parameter dielectron channel dimuon channel
a 178000± 400 138700± 400
b 1.5± 1.0 11.8± 0.5

c (fixed) 1 1/3
p0 −12.38± 0.09 −7.38± 0.12
p1 −4.295± 0.014 −4.132± 0.017
p2 −0.9191± 0.0027 −1.0637± 0.0029
p3 −0.0845± 0.0005 −0.1022± 0.0005

Table 8.3: Final best-fit values and uncertainties of the background function parameters
obtained in the global fit to the full Run-2 dataset.

The number of events plotted in figure 8.6 is normalized to the (variable) bin width,
which is measured in units of 10 GeV(3). An additional detail is a transition starting around
1.5 TeV to error bars based on asymmetric Poisson confidence intervals rather than the±

√
N

3For instance, the final nonzero bin in (8.6a) – containing the single highest-mee event – is ' 135 GeV
wide and therefore has a y-value of 0.074 = 1/13.5 [Events/10 GeV].
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treatment. See [144] and [11] §40.4.2.3 for this prescription. The fit residuals plotted in the
subpanels show the agreement between the data and the fitted functional form background
estimate. Overall, the variations do not suggest any clear trend and seem consistent with a
well-modelled background.

8.4.1 Signal significance scans

The differences between the data and the background estimate shown in the fit residuals of
figure 8.6 are quantified by performing b+ s fits over a scan of signal hypotheses.

The signal pole mass scan is chosen to coincide with bin centres in the data histogram,
except starting only at 250 GeV to allow for a left sideband to the fit. For both channels this
scan granularity is finer than the experimental mass resolution. This is simply to avoid the
possibility of missing features by scanning in increments that are larger than the resolution.
On the other hand, a scan that is finer than the resolution will not be less sensitive to
a resonance which happens to lie halfway between two tested pole masses. Similarly, at
the resolution threshold the look-elsewhere effect is expected to reach a maximum and not
continue to grow beyond that.

The results for signals with zero intrinsic width are shown in figure 8.7. The use of
the uncapped LLR test statistic allows for negative fluctuations in data to be quantified.
Overall, as noted for the fit residuals, the upward and downward fluctuations appear to
be roughly in balance. The electron channel scan clearly exhibits much narrower features
than the muon channel owing to its superior mass resolution. The combination of the two
channels is therefore driven by the electron channel (this is less so for tests of wider signals).
The impact of the two highest-mee candidates can be clearly seen as narrow peaks at roughly
3500 and 4000 GeV. In the dimuon channel, the highest invariant mass candidate of 2.75
TeV appears as a small bump amidst an otherwise slightly data-deficient region above
∼ 2 TeV. The largest excess observed in the combined channel for the 0-width signal is 2.3σ
at mX = 264 GeV where the electron and muon channel upward fluctuations overlap.

The pole mass scan was repeated for signals with nonzero intrinsic width up to ΓX/mX =
10% in steps of 0.5%. Figure 8.8 shows the “2D” scans of positive local significance across
the full set of signal width and mass hypotheses in both channels. In this case the signal
hypothesis with largest significance can be seen at mX = 773 GeV and ΓX/mX = 2.5%.
While this feature corresponds to a local significance of 3.0σ it is important to emphasize
that the look-elsewhere effect reduces the significance to the level of ' 0.9σ. This caveat is
even more important to keep in mind when interpreting the 2D scans since including a scan
over signal width introduces an increased look-elsewhere effect. Studies on both the 1D and
2D look-elsewhere effect are documented in appendix B. The signal hypotheses with largest
positive and negative local significances are summarized in table 8.4.

145



310
 [GeV]eem

1−10

1

10

210

310

410

E
ve

nt
s 

/ 1
0 

G
eV ATLAS

-1 = 13 TeV, 139 fbs

Data
Background-only fit

/m = 0%ΓGeneric signal at 1.34 TeV, 
/m = 0%ΓGeneric signal at 2 TeV, 
/m = 0%ΓGeneric signal at 3 TeV, 

210×3 310 310×2 310×3
 [GeV]eem

4−
2−
0
2
4σ

(d
at

a-
fit

)/

(a) Dielectron channel

310
 [GeV]µµm

1−10

1

10

210

310

410

E
ve

nt
s 

/ 1
0 

G
eV ATLAS

-1 = 13 TeV, 139 fbs

Data
Background-only fit

/m = 0%ΓGeneric signal at 1.34 TeV, 
/m = 0%ΓGeneric signal at 2 TeV, 
/m = 0%ΓGeneric signal at 3 TeV, 

210×3 310 310×2 310×3
 [GeV]µµm

4−
2−
0
2
4σ

(d
at

a-
fit

)/

(b) Dimuon channel

Figure 8.6: The functional form fits to the dielectron and dimuon invariant mass spectra at
139 fb−1. Also shown are example lineshapes of generic resonances with zero intrinsic width
in each channel. They are normalized to 20 times the observed 95% CL upper limit on the
fiducial cross section at each mass. The subpanel shows the fit residuals. Figures taken from
[1].
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Figure 8.7: Statistical significance of the data as a function of mediator mass mX , assuming
a 0-width resonance. Both dielectron (red) and dimuon (green) channels are overlaid, and
their statistical combination is also shown in black. Results are for the full Run-2 dataset
and all systematic uncertainties are included. Figure taken from [1].

Excess Deficit
Channel p0 (global) [σ] mX [GeV] ΓX/mX [%] p0 [σ] mX [GeV] ΓX/mX [%]

ee 3.0 (0.9± 0.2) 773 2.5 −3.2 1957 4.0
µµ 2.5 (0.6± 0.3) 268 2.5 −2.8 349 8.5
`` 2.3 (. 0) 264 0 −2.9 1958 3.0

Table 8.4: The largest excesses and deficits observed in the data across the signal width
and pole mass scans in the dielectron, dimuon, and combined channels. Global significance
values are approximate, based only on upcrossings in the dataset (see appendix B).

8.4.2 Upper limits on signal cross section

Having observed no excess in data meeting the 3σ (global significance) threshold for evi-
dence, the analysis now turns to translate the observations into upper limits on the generic
signal cross section. The CLs method is followed as described in section 8.1.2 with an
α = 0.05 (i.e. 95% confidence level). The hypothesis inversion is carried out for the same set
of signal mass points and a subset of six relative widths: ΓX/mX ∈ {0, 0.5, 1.2, 3, 6, 10}%.
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Figure 8.8: Local significance scan over signal width and pole mass hypotheses. Only positive
values are shown. Figures taken from [1].
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Both dielectron and dimuon channels are used to produce limits separately and in combi-
nation. As discussed in section 6.7, the limits are defined in terms of signal cross sections
within the fiducial volume.

The fiducial cross section upper limits for the combined channel are shown in figure 8.9
in two groups of three curves, each corresponding to a different signal width. The observed
limits are obtained by applying the CLs method to data while the expected limits correspond
to the smooth background validation template with matching integrated luminosity. Signals
with narrow widths are constrained by the results to have lower cross sections than wide
signals because of their more conspicuous signature. The corresponding limits in the separate
dielectron and dimuon channels are shown in figure B.1 in appendix B.

Because of the shared fiducial cuts applied to both, the overlaid cross sections of bench-
mark models can be directly compared to the upper limits on the generic signal model.
The matching must, however, be done for a common value of assumed resonance width. For
example, the Z ′ψ has ΓX/mX = 1.2% and therefore can be excluded using the upper limit
on the fiducial cross section of the generic signal with 1.2% relative width. This leads to the
lower limits on mediator mass for the three benchmark models which are shown in table
8.5.

Lower limits on mZ′ [TeV]
Model Rel. width ee µµ ``

ΓX/mX obs exp obs exp obs exp
Z ′ψ 0.5% 4.1 4.3 4.0 4.0 4.5 4.5
Z ′χ 1.2% 4.6 4.6 4.2 4.2 4.8 4.8
Z ′SSM 3.0% 4.9 4.9 4.5 4.5 5.1 5.1

Table 8.5: Lower limits on mZ′ obtained from the observed and expected cross section
limits at 95% CL in the dielectron, dimuon, and combined channels. Values are listed to
the nearest 100 GeV for two E6-motivated benchmark models and the SSM model.

Compared to limits set on the full signal cross section, the effect of the fiducial cuts
can be seen at the high-mass end of the curves. As the number of expected/observed events
drops below 1, the ability of the CLs method to exclude a high-mass peak saturates, revealed
by a flattening of the observed limit. On the contrary, for upper limits on signal lineshapes
without the fiducial cut (6.14), the curve begins to increase again at this point as the
proportion of the cross section contained in the parton luminosity tail grows in comparison
to the resonance. This can be seen, for example, by comparing to figure 4 of the 36.1 fb−1

dilepton analysis [9]. However, the overall mass limit on the model remains equal in either
approach, since in the inclusive case the theoretical cross section also turns upward with
respect to its fiducial counterpart.
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Figure 8.9: Observed and expected upper limits at 95% confidence level on the fiducial
cross section of a generic signal in the combined dilepton channel. The curves with different
colors correspond to six different resonance width assumptions. Overlaid are predicted cross
sections within the fiducial volume for three benchmark models: Z ′χ, Z ′ψ, Z ′SSM with relative
widths of 0.5%, 1.2%, and 3.0%, respectively. The PDF uncertainty on the Z ′SSM cross
section curve is indicated by the shaded band. Figures taken from [1].
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Chapter 9

Model exclusions by
reinterpretation

This chapter discusses the implications of the full Run-2 dilepton cross section limits for
three different BSM signal scenarios. In each case, the statistical analysis of section 8.4 is
not repeated but rather reinterpreted using the appropriate matching of upper limits and
predicted cross sections within the fiducial volume. The three signal scenarios considered
are as follows:

1. Benchmark Z ′ models in E6 GUT and SSM – section 9.2

2. Heavy vector triplet (HVT) neutral mediator – section 9.3

3. Simplified dark matter (DM) spin-1 mediator – section 9.4

The general scheme for each of these reinterpretations can be summarized in three main
steps:

1. Generate/reweight MC signal m`` distributions

2. Calculate signal resonance width and fiducial cross section

3. Determine bounds on signal parameters by matching to the upper limits on dilepton
fiducial cross section

There are some differences in how these steps are carried out for each of the three signal
scenarios. The procedure and results are discussed in further detail for each case.

9.1 Signal reweighting

The calculation of cross sections for signals in the benchmark Z ′ models and the HVT model
is achieved through an implementation of the LPXSignalReweightingTool, documented in
[145, 146]. This tool provides scale factors to be applied at the event level on simulated
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Drell-Yan samples to emulate a menu of Z ′ signal models. The scale factor encodes the
ratio of the differential cross-section of the BSM process of interest to that of SM Drell-Yan
(in our case, neglecting interference):

SFrw =
dσ
dt̂

(
qq̄ → Z ′ → `¯̀

)
dσ
dt̂

(
qq̄ → Z/γ → `¯̀

) (9.1)

where the Mandelstam variable t̂ is the difference-squared of the initial state quark q and
final state lepton ` momenta:

t̂ = |Pµ`− − P
µ
q |2 = |Pµ`+ − P

µ
q |

2 (9.2)

The BSM differential cross sections are parameterized for a generic form of Lagrangian
which admits the benchmark models considered here. The reweighting of Drell-Yan events
by means of equation 9.1 is applicable to BSM processes which have an event topology
identical to Drell-Yan. Models involving s-channel production of a spin-1 boson therefore
fulfill this requirement, whereas models with mediators of different spin do not.
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Figure 9.1: The Z ′χ invariant mass distribution at truth level obtained from reweighting
dielectron Drell-Yan events, compared to that of a dedicated MC sample and also the
original Drell-Yan distribution.

The reweighting approach is used to provide kinematic distributions for the Z ′SSM, Z ′χ,
Z ′ψ, and Z ′HV T signal models in a range of pole masses without the need for dedicated Monte
Carlo production. The tool is only configured to deal with Drell-Yan samples at LO, so the
list in table A.2 is used for reweighting (the results are based on the available samples in the
mc16a and mc16d campaigns). These samples are passed through the full dilepton selection
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Figure 9.2: Examples of reweighted signal templates at truth-level obtained for the Z ′SSM,
Z ′χ, and Z ′ψ benchmark models. The resonances have fixed relative widths of 3.0%, 1.2%,
0.5%, respectively.

framework. They are unskimmed such that truth-level quantities are readily accessible in
the final analysis n-tuples.

Figure 9.1 compares the result of the reweighting procedure for the Z ′χ model at 3 TeV
overlaid with the invariant mass distribution of a dedicated Pythia8 MC sample, both at
truth-level. Also shown is a binned version of the input DY sample. The agreement between
the dedicated and reweighted signal distribution is clearly good across the entire spectrum.
The reweighted template benefits from the smoothness of the mass-sliced Drell-Yan input
sample.

9.2 Scenario #1: Benchmark Z ′ models

Examples of dielectron invariant mass distributions obtained for Z ′SSM, Z ′χ, and Z ′ψ by
reweighting are shown in figure 9.2. Since these are models with lepton flavour universality,
only one channel needs to be chosen to calculate the common fiducial cross section – the
results shown use Z ′ → ee.
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Figure 9.3: Visualisation of the mass cut m`` > mX −2ΓX on the truth-level invariant mass
distributions of reweighted Z ′SSM, Z ′χ, and Z ′ψ signal distributions with a pole mass of 4TeV.

The integral N of the invariant mass distribution is proportional to the total cross
section σ of the new process times its branching ratio B to the dilepton final state:

Ntot = Lσ ×B (9.3)

Nacc = LσA×B (9.4)

Nreco = LσAε×B (9.5)

where A refers to the acceptance factor introduced by the fiducial cuts defined for the
dilepton analysis in equations 6.13 and 6.14. Thus, the fiducial cross section which is suitable
to compare directly to the upper limits in figure 8.9 is then calculated from the integral
Nacc of the intermediate “acceptance-level” distribution:

σfid ×B = σA×B = Nacc/L (9.6)

The L factor in this case refers to the effective integrated luminosity of the input Drell-Yan
sample.

Leff = NDY,tot/σDY (9.7)

In case of mass-sliced samples it is applied as an event weight depending on which sample
the event belongs to. The benchmark Z ′ models have fixed relative widths as listed in table
8.5 which align with chosen signal widths of the cross section upper limit curves. Figure 9.3
shows the impact of the mass cut on the three benchmark models at 4 TeV.

Using instead the integral Ntot prior to fiducial cuts yields the full cross section times
branching ratio. Since we are focusing on the dilepton final state, the presence of a branching
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Figure 9.4: Cross sections calculated from reweighted Z ′SSM, Z ′χ, and Z ′ψ templates both
with (solid line) and without (dashed line) the fiducial cuts (6.13)-(6.14) applied.

ratio factor should be inferred where not written. The cross sections as functions of pole
mass for the three benchmark Z ′ models are shown in figure 9.4 both before and after
applying fiducial cuts. This illustrates both the exponential fall of the signal cross section
with pole mass and how the fiducial cuts have an increasing impact for the largest masses
where the parton luminosity tail fraction grows. These are the curves overlaid directly on
the generic dilepton upper limits in subfigures 8.9a and 8.9b to produce the benchmark
mass limits in table 8.5.

9.2.1 Deriving PDF uncertainty bands on the Z ′SSM cross section

The predicted cross section curves obtained from the reweighting are affected by PDF un-
certainties, particularly at high mass. For the SSM case, two sources of PDF uncertainty
were quantified using the VRAP program [147]. The first is PDF uncertainty caused by
imperfect constraint on global fits to experimental data used to extract PDF sets. This
has been derived based on the 90% CL error set accompanying the CT14NNLO PDF set
following the recommendations of [148]. Normally the variations are provided in 28 eigen-
vectors which parameterize the independent degrees of freedom within fit uncertainty. For
the dilepton and lepton + ET analyses, these were bundled by the CT14 authors into a new
set of seven eigenvectors to avoid overconstraining the PDF at high mass based on data at
low mass, because of the very large signal regions of these analyses. The envelope of the
eigenvector variations widens a lot in the multi-TeV region because experimental data has
a harder time constraining the PDF at high momentum fraction x.
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Figure 9.5: Relative impact of PDF eigenvector and reduced choice variations on Z ′SSM cross
section with respect to nominal (a). Combined impact via equation 9.8 shown in (b).

An additional uncertainty related to the spread in predictions from different PDF sets
is also included through the reduced PDF choice variation. It is derived from a comparison
of the central values of CT14NNLO [149] with those of MMHT14 [150], NNPDF3.0 [29],
ABM12 [151], and JR14 [152]. To avoid double-counting, differences between PDFs are only
counted to the degree in which they exceed the sum in quadrature of PDF eigenvector
variations (on the CT14NNLO nominal prediction). The resulting envelope of differences
coming from each pair of PDFs is then taken as the (reduced) choice variation.

The impact on the SSM cross section from the PDF eigenvector and choice variations
is shown in figure 9.5a. The conspicuous rise in the PDF choice variation above 3.8 TeV is
driven by the difference between CT14NNLO and NNPDF3.0. The set of PDF eigenvector
and choice variations are combined through a sum in quadrature at each pole mass, ∆σ,
and the overall up (σ+) and down (σ−) variations are determined as follows:

σ± = σ · (1 + ∆σ)±1 (9.8)

Figure 9.5b overlays the overall up and down variations of the Z ′SSM fiducial cross section
along with the nominal curve. These curves are what define the predicted SSM cross section
curve and its uncertainty band in figure 8.9a.
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9.3 Scenario #2: Heavy Vector Triplet model

The Heavy Vector Triplet (HVT) framework is a simplified model for parameterizing the
results of searches for new high-mass mediators with fermionic and bosonic couplings. The
HVT basis enables a joint interpretation of results such as the latest statistical combination
of ATLAS heavy resonance searches at 36.1 fb−1 [153]. Neutral and charged current searches
are both treated as involving a triplet of vector fieldsWa

µ generated by an SU(2)′ extension
to the SM:

LW = −gqWa
µqkγ

µσa
2 qk − glW

a
µ`kγ

µσa
2 `k − gH

(
Wa
µH
†σa

2 iD
µH + h.c.

)
(9.9)

The couplings gq and gl are assumed to be the same for each fermion generation, k, and im-
plicitly apply only to left-handed fermion fields (q and `). The three gauge bosons associated
with the Wa

µ field have electrical charges of −1, 0,+1 and are nearly mass degenerate. The
V ′ Drell-Yan process shown in figure 9.6a is probed by searches in the `` and `ν channels.
The comparison of constraints from these complementary search channels at 139 fb−1 will
be shown in section 9.3.2. Figure 9.6b shows the bosonic decay channel probed in searches
for diboson resonances in multijet and multilepton channels. Finally figure 9.6c is the vector
boson fusion (VBF) V ′ production mode shown decaying to bosons, but likewise contributes
to inclusive selections of the `` and `ν final states.
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Figure 9.6: Three example diagrams involving the new vector field V ′ in the HVT model.
Taken from figure 1 of [153].

The reweighting procedure is used to obtain a grid of signal templates for the purpose
of constraining the HVT model coupling space. Table 9.1 lists the scan configurations used
to probe the mass of a Z ′HVT boson and its couplings to SM quarks gq, leptons gl, and
(Higgs and vector) bosons gh (a.k.a. gH). Notice gf = gl = fq is used to denote the case of
a universal coupling strength to fermions.

The dilepton generic signal limits are able to constrain the new mediator’s coupling to
SM bosons mainly through the contribution from the vector boson fusion production mode.
The larger gh, for a fixed gf , the larger the expected HVT cross section times dilepton
branching ratio, but the dependence is smaller than for fermion couplings.
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Plane gq gl gh MZ′ [TeV]
gl − gq plane {0.00, 0.01, . . . 1.00} {0.00, 0.01, . . . 1.00} 0 {3, 4, 5}
gf − gh plane {0.00, 0.01, . . . 1.00} gl = gf = gq {0.00, 0.03, ...3.00} {3, 4, 5}

Table 9.1: Configuration of the HVT couplings and pole masses scanned in the two planes
considered.
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(b) Truth-level, fiducial
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(c) Reco-level

Figure 9.7: Examples of reweighted HVT signal templates at truth-level, accepted-level, and
reconstructed-level. In this case the Z ′HVT pole mass is 4 TeV with couplings of gh = 0.2
and gf ranging from 0.2−−1.0.

Some examples of the resulting signal invariant mass templates are shown in figure 9.7.
The same fiducial cuts (6.13)-(6.14) are imposed as an intermediate stage between truth-
and reco-level.

9.3.1 HVT signal width and cross section values

Figure 9.7 illustrates how both the (relative) width and cross section of the Z ′HVT resonance
vary for the different choices of couplings. The value of the relative width as a function of the
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two scanned couplings in the gl-gq and gf -gh planes is shown in figure 9.8. For most of this
space the relative width remains within the range considered in this analysis. The exception
is in the highest coupling values in the gf -gh plane, towards the upper right corner of figure
9.8a where the relative width reaches the 10− 12%, exceeding the width of signals used to
set generic upper limits. This corner region is thankfully not near the limit intersection for
the pole masses considered.

Figures 9.9b-9.9e similarly show the fiducial cross section obtained by integrating the
reweighted HVT invariant mass distributions within the fiducial acceptance criteria at truth
level.
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Figure 9.8: The relative width of reweighted Z ′HVT dilepton resonances in the two coupling
planes considered.

To facilitate an ongoing V V/V H/``/`ν combination effort incorporating other HVT
decay channels, the cross sections are derived without the application of QCD K-factors.
Recall from section 6.2.1 that these account for contributions to the leading-order Drell-
Yan cross section from higher-order processes. These K-factors modify the leading-order
Drell-Yan cross section by an increase of up to 30% at 5 TeV according to section 4 of [154].
However, higher-order corrections are not readily available for signal samples used in the
diboson channels and are therefore omitted to enable comparison.

9.3.2 HVT exclusion contours

Knowing the HVT signal fiducial cross section as a function of the two couplings in each
plane enables a direct comparison with the expected and observed limits on generic sig-
nal cross sections. As with the benchmark Z ′ models, the intersection must be done with
the upper limit curve for a generic signal of matching width. Although the generic lim-
its are only available for a set of six relative signal widths, these can be smoothly in-
terpolated to provide limits at the widths corresponding to each grid point of the HVT
coupling planes. The interpolation relies on Delaunay triangulation [155] (implemented in
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Figure 9.9: The fiducial cross section of reweighted Z ′HVT resonances at MZ′ = 3, 4, 5 TeV
in the two coupling planes considered. Values do not include k-factors.

ROOT::TGraph2D::Interpolate() ) which supports the general case of an arbitrary pole
mass and width assumption. Figure 9.10 shows examples of interpolated observed limit
curves for the combined `` channel. The wiggles enabled by the excellent dielectron mass
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Figure 9.10: Observed upper limits at 95% CL on the cross section of generic resonances
decaying to a single-generation lepton pair. The limit values from the original statistical
analysis are interpolated to twenty relative width values between 0% and 10%.

resolution are no different from those shown in figure 8.9, but appear somewhat exaggerated
due to the aspect ratio of this figure.

Comparing the generic cross section limits to the HVT cross section at a common value
of the resonance width is important to match the signal fiducial acceptance which is width-
dependent (because of the underlying effect of the width-dependent parton luminosity tail).
The width interpolation method is a new development that was not previously used for the
HVT contours published in the 36.1 fb−1 combination [153]. Figure D.3 in appendix D.1
proves that there is a substantial difference compared to the previous method based on a
fixed resonance width throughout the coupling plane.

The generic limits interpolated at each width on the grid of the HVT plane are next
divided by the corresponding fiducial HVT cross section values. The contour within the
resulting plane where this ratio equals 1 therefore demarks the excluded regions of HVT
coupling values. Examples showing the granularity of the contour maps obtained with this
method are shown in figure D.1 in appendix D.1.

The HVT couplings to leptons and bosons which are excluded by the ATLAS full Run-
2 searches in `` and `ν final states are shown in figure 9.11. Note that the symmetry of
the HVT coupling structure allows the positive quadrants to be simply mirrored as has
been done in these plots. The reason for this visualization is to be able to overlay with
electroweak precision constraints which are in general sensitive to the sign of the couplings
(compare figures 10 and 11 of [153]). The `ν final state generally produces tighter coupling
constraints than `` (the exception being at the “knee” regions of the gl-gq contours). Though
these observed bounds may be subject to individual fluctuations at high-mass, the same
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behaviour can be verified for the corresponding exclusions based on the expected cross
section limits shown in figure D.2 in appendix D.1. The explanation is mainly due to the
fact that there are two charged mediator states contributing to the overall W ′± → `ν cross
section as opposed to the single neutral mediator for Z ′0 → ``.

The observed and expected upper bounds on the fermion coupling gf = gq = gl in the
case gh = 0 are presented in table 9.2. Although the full Run-2 combination is still ongoing
within ATLAS analysis groups it can already be seen that the updated `ν channel observed
bound surpasses the 36.1 fb−1 statistical combination of both channels.

Upper bounds on gf (gh = 0)
int. lumi. 139 fb−1 139 fb−1 36.1 fb−1

W ′HVT → `ν Z ′HVT → `` ``/`ν comb.
pole mass obs exp obs exp obs
3 TeV 0.05 0.07 0.07 0.08 0.06
4 TeV 0.13 0.16 0.23 0.18 0.15
5 TeV 0.32 0.38 0.49 0.50 0.42

Table 9.2: 95% CL upper bounds on the HVT triplet field coupling strength to fermions gf
in the case gh = 0 using the full Run-2 ATLAS analyses of the `` and `ν channels. The final
column is a comparison with the leptonic combination result at 36.1 fb−1 [153].

163



9.4 Scenario #3: Dark matter spin-1 mediator

Given non-zero couplings g` to SM leptons a new neutral mediator associated with a dark
sector would produce an excess from Z ′DM → `` in the distribution of the dilepton invari-
ant mass. The upper limits on dilepton signal cross section at 139 fb−1 therefore impose
lower bounds on the pole mass of a potential Z ′DM boson. These bounds are strongest for
leptophilic scenarios, with relatively large g`. The following subsections describe the calcu-
lation of Z ′DM → `` cross sections and the resulting exclusion contours within the context
of simplified mediator-based DM models.

The effective Lagrangian of the simplified model is as follows [80]:

LV ⊃
1
2m

2
Z′VµV

µ − gijq Vµq̄iγµqj − g
ij
` Vµ

¯̀
iγ
µ`j − gχVµχ̄γµχ (9.10)

where χ is the DM field, and Vµ the vector field associated with the new mediator. A similar
expression with the replacement γµ → γµγ5 would describe a mediator with (A)xial-vector
couplings to fermion and DM fields. The five main model parameters are the masses of
the new mediator (mZ′) and of the DM particle (mχ), and the couplings of the mediator
to quarks (gijq ), leptons (gij` ), and dark matter (gχ). Note that the fermion couplings may
be flavour-dependent in general (but are assumed to be flavour-universal in the scenario
considered). Additionally this set of parameters can be explored for either scenario of a
vector or axial-vector mediator.
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Figure 9.12: Processes probed in s-channel searches for a spin-1 DM mediator. Figures from
[76].

The diagrams shown in figure 9.12 are the two processes which are probed by dijet and
dilepton resonance searches and Emiss

T + X searches (i.e. mono-jet and mono-photon). A
summary of the latest bounds on these processes in the plane of dark matter mass versus
mediator mass are shown in section 9.4.2.

As with the HVT case considered in section 9.3, the DM mediator relative width changes
in the parameter scan. The same limit interpolation technique illustrated in figure 9.10 is

164



therefore used to obtain cross section upper limits at matching width. Unlike the HVT case,
the DM simplified model is not yet parameterized within the LPXSignalReweightingTool,
although implementing it would be a good future investment. Instead, a MadGraph card
formatted for Z ′DM → qq was modified to create samples at generator level. Again, lepton-
flavour-universal couplings are assumed for the BSM mediator, so Z ′DM → ee events were
used without loss of generality.

0.5 1 1.5 2 2.5

 (vector) [TeV]Z'm

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

 [T
eV

]
χ

m

(a) V2 mass-mass scan

2.6 2.8 3 3.2 3.4 3.6 3.8 4 4.2 4.4

 (axial) [TeV]Z'm

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

 [T
eV

]
χ

m
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Figure 9.13: Parameter scans of the DM mass mχ and the DM mediator mass mZ′ in the
A2 and V2 scenarios. Each point corresponding to a sample of 10k generated events for
Z ′DM → ``.

For each point in the parameter scan, 10k events are generated. The event genera-
tion is done through several batch submission scripts completing the Generate_tf.py and
Reco_tf.py steps to produce TRUTH0 derivation files. The MadGraph steering is done
through automatic JobOption file creation, and the derivations are processed in a simple
truth-level event loop macro. The relevant code is contained in the MadGraph5AtlasVal

project of the DileptonDM repository on GitLab [157].

9.4.1 Dark matter mediator “mass-mass” exclusion contours

Parameter scans are defined under the two leptophilic scenarios – “V2” and “A2” – con-
sidered in the latest ATLAS DM mediator summary paper [76]. The V2 scenario assumes
a spin-1 mediator with vector couplings, in particular a leptonic coupling of g` = 0.1. The
A2 scenario considers a 10× larger leptonic coupling which is axial-vector in nature. Both
scenarios have couplings to quarks and DM particles fixed at gq = 0.1 and gχ = 1.0, respec-
tively.

Besides the couplings which are fixed in each scenario, the model parameters affecting
the Z ′DM cross section times dilepton branching ratio are its mass and the DM mass mχ.
These two define the “mass-mass” plane, which is probed in the scan visualized in figure
9.13. The parameter scan was defined to allow coverage around the expected location of the
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Scenario Coupling type gq gl gχ mZ′ −mχ scan
V2 vector 0.1 0.01 1 [figure 9.13a]
A2 axial-vector 0.1 0.1 1 [figure 9.13b]

Table 9.3: Configuration of the two parameter scans used for the mass-mass DM mediator
exclusions.

new exclusion contours as well as some coverage to crosscheck the location of the contours
obtained for the 36.1 fb−1 dilepton analysis (which used an entirely different setup).
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Figure 9.14: Example m`` distributions for three different pole masses of the generated
axial-vector Z ′DM signals at truth level and after applying fiducial cuts.

Figure 9.14 shows some example invariant mass distributions of generated Z ′DM → ``

events in the A2 scenario before and after applying the width-dependent fiducial cuts of
equations 6.13 and 6.14. The corresponding pT and η distributions for these signal points
are also shown in figure D.4 in appendix D.2.

The resonance width ΓZ′ at each mass point is calculated for each scenario using the
DarkMatterWidthCalculator utility [158]. Figure 9.15 plots the relative widths Γ/mZ′

in percent for both scenarios as functions of mZ′ for each mχ. The relative widths are
bounded between 0.6% and just over 3.2% for all mass configurations. This behaviour comes
about because of two threshold effects. First, the width of the dilepton resonance increases
for smaller DM masses since the competing decay Z ′ → χχ becomes more kinematically
favourable, but this effect saturates once mχ = 0 – the upper bound on width. On the other
hand, the lower bound on width arises from the opposite effect where the BR to χχ gets
smaller as the χ get heavier, but hits the kinematic decay threshold at 2mχ ≥ mZ′ . Notice
how for, say, mZ′ = 4 TeV this lower limit is not reached.

The acceptance, defined as the ratio of events passing the fiducial cuts to the total
number of truth events, is plotted as a function of mZ′ for each value of mχ in figure 9.16.
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Figure 9.15: Relative width Γ/mZ′ in percent of the generated Z ′DM → `` signals for the
V2 and A2 scenarios. Each curve is color-coded according to its value of the DM mass mχ,
from blue at small masses to red at large.
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Figure 9.16: Fiducial acceptance of the generated Z ′DM → `` signals for the V2 and A2
scenarios. Each curve is color-coded according to its value of the DM mass mχ, from blue
at small masses to red at large.

The result of multiplying the acceptance with the truth-level cross section is the fiducial
cross section, shown in figure 9.17.

Finally, having both the upper limit cross section values from [1] (figure 9.10) and the
predicted Z ′DM → `` cross section values (figure 9.17), the location in mZ′ of their intersec-
tion is found at the matching width for each value of mχ. The relevant code is contained
in the DileptonDMContours project of the DileptonDM repository on GitLab [157]. The re-
sulting contours in the (mZ′ ,mχ) plane for both vector and axial-vector scenarios are shown
in figure 9.18. The exclusion at low mediator mass is taken from the 36.1 fb−1 analysis since
it set limits down to pole masses of 150 GeV while the full Run-2 analysis started scanning
above 250 GeV.
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Figure 9.17: Cross section of the generated Z ′DM → `` signals in the fiducial volume for the
V2 and A2 scenarios. Each curve is color-coded according to its value of the DM mass mχ,
from blue at small masses to red at large.
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Figure 9.18: Dark matter mediator exclusion contours in the mass-mass plane from dilepton
cross section upper limits at 95% CL for the V2 and A2 scenarios. The region between the
lower-mZ′ (36.1 fb−1) and upper-mZ′ (139 fb−1) curves is excluded.

A crosscheck of results with that of the 36.1fb−1 contours is provided in appendix D.2,
figure D.5. The two curves agree very well despite having been produced by completely
independent frameworks.

9.4.2 Dark matter s-channel summary plots

A summary of the latest ATLAS DM mediator exclusions in the mass-mass plane is pre-
sented in figure 9.19. The two subfigures correspond to the model scenarios of table 9.3.
Clearly the A2 scenario with its ten-times larger leptonic coupling comes under strong ex-
clusion from the full Run-2 dilepton cross section limits. The lower mass limit in this case
begins at about 3.6 TeV in the limit of light dark matter and extends out to just beyond 4.0
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TeV for mχ = 1.6 TeV. It gets stronger because of the resonance narrowing effect already
discussed. Compared to the analogous contour from the 36.1 fb−1 dilepton analysis (figure
12 of [76]) the A2 scenario mass limit has extended by an amount between 400− 800 GeV.

With the lepton coupling in the V2 (vector) scenario dialed back by factor 10, the
exclusions from other analyses shown in figure 9.19a are more competitive compared to the
dilepton analysis. The di(b)jet signal cross sections are also slightly different in this plane
because of the change of coupling structure. The colored regions from the four Z ′V → ff

searches (diagram 9.12a) are therefore complementary up until the kinematic threshold
2×mχ = mZ′V

indicated by a dashed line. As shown in figure 9.17a, this can be understood as
coming from the abrupt drop in predicted Z ′V cross section times branching ratio to fermions
once the invisible decay opens up kinematically. For the inverse reason, the region excluded
by the Z ′V → χχ (diagram 9.12b) is bounded above by the same kinematic threshold.

For both scenarios an additional dashed contour indicates which masses in the plane are
consistent with a thermal relic density of Ωch

2 = 0.12 as suggested by modern cosmological
measurements (see equation 3.8 in section 3.3). The curve is obtained by calculating the
values of Ωch

2 across the plane using the MadDMplugin [159] as demonstrated in figure
D.6.

As discussed in section 3.3, direct searches for DM at the LHC are complementary to
indirect detection experiments. To compare the ATLAS results in figure 9.19 with latest
bounds from other experiments, they are translated into bounds on DM-nucleon scattering
cross section under the assumed mediator model. The overlay of the A2 scenario with direct
detection bounds from LUX and XENON1T is shown in figure 9.20.
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Figure 9.19: Exclusion summary overlaying results of six separate ATLAS searches inter-
preted in the simplified DM mediator model. Shaded areas are excluded. Published in [160].
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Figure 9.20: Excluded DM-nucleon scattering cross sections inferred using the limits ob-
tained by six different ATLAS searches, assuming a DM axial-vector mediator in the A2
scenario. Overlaid LUX and XENON1T bounds give example comparisons with current
spin-dependent (SD) bounds from direct detection experiments. Shaded areas are excluded.
Note that the ATLAS limits are at 95% CL whereas the available direct-detection bounds
are at 90% CL. Published in [160] (Figure 12).
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9.4.3 Dark matter mediator “coupling-mass” exclusion contours

Alongside the previously-released mass-mass exclusion contours, a preliminary version of
lepton coupling versus mediator mass exclusions has been prepared for the next iteration of
public plots. The result is shown in figure 9.21, where the area above the curves is excluded.
This type of plot is analogous to the quark coupling versus mediator mass exclusions usually
summarized for analyses with hadronic final states (Figure 15 of [160]). Additional signal
mass points were generated for lepton couplings g` varying between the two fixed values,
0.1 and 0.01, assumed for the axial-vector and vector mass-mass contours respectively,
and further down to g` = 0.001. These lower coupling values enable bounds on scenarios
with lighter DM mediators than are included in the current choice of mass-mass contours.
Signal points were generated in the limit of heavy DM (mχ = 10 TeV in this case) so that
contributions to the resonance width from Z ′A → χχ are negligible. At each coupling value
10k events were generated for each mediator pole mass at intervals of 50 GeV or 100 GeV as
shown in figure D.7. Currently the scan has only been produced for the axial-vector scenario.
The corresponding exclusion curves are obtained at 95% CL using the same procedure as
for their mass-mass counterparts and .

Figure 9.21: Observed and expected upper limits at 95% CL on the lepton coupling of
an axial-vector dark matter mediator, as a function of mediator mass. A DM mass of
mχ = 10 TeV is assumed.
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Chapter 10

Summary and outlook

This thesis began by reviewing the theoretical and experimental context of the search for
high mass dilepton resonances using the ATLAS detector. The full dataset collected in LHC
Run 2 from 2015 and 2018 has been filtered through a set of selection criteria to extract
the dilepton invariant mass spectrum above 130 GeV. Simulated samples of the main SM
backgrounds have likewise been processed to inform the analysis strategy and to model
detector m`` response and acceptance times efficiency. The statistical analysis to search for
potential signal resonances is based on a new functional form background estimate fitted to
the m`` spectrum in data.

Since no significant excess was observed, upper limits were derived for a generic signal
cross section (figure 8.9). These bounds can be translated to rule out parameter space in
a range of BSM scenarios, helping determine which model configurations are still viable.
As reviewed in chapter 3, the signature of a dilepton resonance at high mass features in
multiple hypothetical extensions beyond the SM addressing a range of its shortcomings. For
this reason the search presented in this thesis has had a broad impact in the high energy
physics community from publication until now. The exclusions obtained in chapter 9 are
examples of this in the context of the HVT and simplified DM mediator models.

To promote similar reinterpretations outside of ATLAS, the data spectra and cross
section limits were formatted in a public HEPData repository1 along with other information.
As a result, a number of reinterpretations have appeared, “backpropagating” the ATLAS
observed results into updated constraints for a variety of models. The following citations, for
example, are representative of the three classes of models motivating a dilepton resonance
outlined in figure 3.6:

• GUT [161]: E6-motivated U(1)′ extension in Minimal Supersymmetric SM

• Alternative Higgs [162]: Higgs as a composite pseudo-Nambu-Goldstone boson un-
der new strong dynamics

1https://www.hepdata.net/record/88425
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• Dark matter [163]: simplified DM model with spin-1 mediator

• Flavour anomalies [164]: Z ′ with flavour-non-universal couplings

The fourth example appeared just over a month after the dilepton preprint, recasting AT-
LAS results to probe Z ′ explanations of significantly discrepant b→ s`+`− transition rates
reported by the LHCb Collaboration2.

Future versions of this analysis could incorporate additional improvements that were
beyond the scope of this one. Mentioned in chapter 6 are the potential to (1) add a sep-
arate analysis category for electrons in the calorimeter transition region and (2) include
muons which pass the 2-station extension to the high-pT working point. The studies done
in this version of the analysis will likely aid future efforts to “safely” benefit from these
two additional categories of leptons. The selection framework developed for this analysis
has also paved the way for exclusive dilepton selections such as VBF3 dilepton production,
``+ Emiss

T , and ``+ b jets, some of which are already underway in ATLAS.
Looking further ahead, the merits of the data-driven methods developed for this round

of the dilepton analysis are set to become more pertinent for datasets of the high-luminosity
LHC (HL-LHC). A timeline of experimental progress in the dilepton analysis is shown in
figure 10.1 in terms of the benchmark Z ′SSM cross section. While the jump in centre of
mass energy up to

√
s = 13 TeV led to a clear boost in sensitivity for the Run-2 searches,

an increase of this magnitude is not planned for future LHC datasets. Instead, the reach
will extend mainly through accumulation of integrated luminosity, especially after Phase-
2 upgrades. This is an effective way towards progress on a wide range of physics goals.
However, for the Z ′SSM prospects in particular, the progress from increased dataset size will
be more gradual than in the past. Notice how the collection of 139 fb−1 in ∼four years
of Run 2 extended the SSM mass limit by 2.2 TeV while the addition of 3000 fb−1 over a
decade of HL-HLC is foreseen to extend it merely another ∼ 1.4 TeV (keep in mind the
prospects [167] study is conservative).

Moreover, the high-luminosity gains also come with challenges at both reconstruction
and analysis levels. Already in Run 2 the challenge of suboptimal MC statistical precision
was encountered in the 36.1 fb−1 dilepton analysis. Strategies to fully exploit the upcoming
ATLAS datasets will therefore likely include data-driven background estimates, perhaps
in sliding window fits or by more exotic means such as Gaussian processes [168]. Novel
analysis techniques based on weakly-supervised deep learning algorithms may also find
application in dilepton exclusive selections as they have recently in hadronic final states
[169]. On the other hand, the rise of faster calorimeter models (e.g. based on generative

2Neutral B meson decays [165], and charged [166] (updated this year)

3Vector boson fusion

174



1 2 3 4 5 6 7

 [TeV]Z'm

5−10

4−10

3−10

2−10

1−10

1

10

210

S
S

M
σ/

lim
it

σ

-1 = 14 TeV, 3000 fbsATLAS 
-1 = 13 TeV, 139 fbsATLAS 
-1 = 13 TeV, 36.1 fbsATLAS 

-1 = 13 TeV, 3.2 fbsATLAS 
-1 20.5 fbµµ; -1 =   8 TeV, ee 20.3 fbsATLAS 

-1 5.0 fbµµ;   -1 =   7 TeV, ee 4.9 fbsATLAS 
-1 42 pbµµ;   -1 =   7 TeV, ee 39 pbsATLAS 

 Work in ProgressATLAS
 ll→Z' 

Figure 10.1: Historical progression of the SSM Z ′ exclusion from published ATLAS dilepton
resonance searches using different datasets, including a projection for the full HL-LHC
dataset of 3000 fb−1 at

√
s = 14 TeV (from [167]). Pole masses are excluded where the ratio

of upper limit to predicted cross section crosses is below unity. For the full Run-2 analysis
shown in solid black the pole mass lower limit is 5.1 TeV. Figure adapted from [1].

adversarial networks [170]) may dramatically reduce the computation needed to simulate
the SM dilepton backgrounds at HL-LHC.

In either case, there are promising improvements in store for the dilepton analysis on
top of expected gains through continued excellent operation of the LHC and the ATLAS
detector. Given its multiple physics motivations, the signature of a dilepton resonance will
remain an important target for future searches at the LHC. Whether such a resonance4

hides beyond those of historic discoveries in the dilepton mass spectrum can only be known
through continued exploration – as in this thesis – for signs of grand unifications, extra
dimensions, alternative Higgs models, dark sectors, or even something entirely unexpected.

4besides SM H → `` !
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Appendix A

Additional dilepton modelling plots
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Figure A.1: Comparison of the dilepton system transverse momentum p``T distributions in
data and MC for the full Run-2 dataset. Note that no systematic variations are applied to
the MC distributions and the fake electron background is not included.
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Figure A.2: Comparison of the missing transverse momentum Emiss
T distributions in data

and MC for the full Run-2 dataset. Note that no systematic variations are applied to the
MC distributions and the fake electron background is not included.
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Table A.2: Pythia8 Drell-Yan Monte Carlo samples used in the dielectron and dimuon
channel analysis mostly to calculate theoretical cross-sections in fiducial volume using sam-
ple reweighting technique. The first column gives the process, the second column gives the
mass range in which the Drell-Yan process was simulated, the third column gives the in-
ternal ATLAS dataset number (DSID). For each sample the cross section times branching
ratio with which the Powheg+Pythia8 generator produced the sample, and the number
of produced events per MC campaign, are given. Table taken from [129].

Process m`` [GeV] DSID σBr [pb] mc16a Nevt mc16d Nevt mc16e Nevt
Z → ee 70 – 120 301540 1.426x10+03 250000 313000 250000
Z → ee 120 – 180 301541 1.384x10+01 1250000 1565000 250000
Z → ee 180 – 250 301542 2.333x10+00 1250000 1565000 250000
Z → ee 250 – 400 301543 8.675x10−01 1400000 1753000 150000
Z → ee 400 – 600 301544 1.557x10−01 1349000 1690000 100000
Z → ee 600 – 800 301545 2.971x10−02 1300000 1630000 50000
Z → ee 800 – 1000 301546 8.347x10−03 1050000 1315000 50000
Z → ee 1000 – 1250 301547 3.311x10−03 1050000 1315000 50000
Z → ee 1250 – 1500 301548 1.098x10−03 1050000 1314000 50000
Z → ee 1500 – 1750 301549 4.187x10−04 1050000 1305000 50000
Z → ee 1750 – 2000 301550 1.760x10−04 1050000 1315000 50000
Z → ee 2000 – 2250 301551 7.996x10−05 550000 690000 50000
Z → ee 2250 – 2500 301552 3.823x10−05 550000 689000 50000
Z → ee 2500 – 2750 301553 1.905x10−05 550000 690000 50000
Z → ee 2750 – 3000 301554 9.854x10−06 550000 690000 50000
Z → ee 3000 – 3500 301555 8.045x10−06 300000 376000 50000
Z → ee 3500 – 4000 301556 2.419x10−06 299000 380000 50000
Z → ee 4000 – 4500 301557 7.577x10−07 300000 350000 50000
Z → ee 4500 – 5000 301558 2.433x10−07 300000 380000 50000
Z → ee 5000 – ∞ 301559 1.167x10−07 298000 356000 50000
Z → µµ 70 – 120 301560 1.426x10+03 250000 315000 250000
Z → µµ 120 – 180 301561 1.384x10+01 1250000 1565000 250000
Z → µµ 180 – 250 301562 2.333x10+00 1250000 1565000 250000
Z → µµ 250 – 400 301563 8.675x10−01 1400000 1754000 150000
Z → µµ 400 – 600 301564 1.557x10−01 1350000 1690000 100000
Z → µµ 600 – 800 301565 2.971x10−02 1300000 1630000 50000
Z → µµ 800 – 1000 301566 8.347x10−03 1050000 1315000 50000
Z → µµ 1000 – 1250 301567 3.311x10−03 1050000 1315000 50000
Z → µµ 1250 – 1500 301568 1.098x10−03 1050000 1315000 50000
Z → µµ 1500 – 1750 301569 4.187x10−04 1050000 1315000 50000
Z → µµ 1750 – 2000 301570 1.760x10−04 1050000 1315000 50000
Z → µµ 2000 – 2250 301571 7.996x10−05 550000 690000 50000
Z → µµ 2250 – 2500 301572 3.823x10−05 550000 690000 50000
Z → µµ 2500 – 2750 301573 1.905x10−05 550000 690000 50000
Z → µµ 2750 – 3000 301574 9.854x10−06 550000 690000 50000
Z → µµ 3000 – 3500 301575 8.045x10−06 300000 380000 50000
Z → µµ 3500 – 4000 301576 2.419x10−06 300000 380000 50000
Z → µµ 4000 – 4500 301577 7.577x10−07 300000 380000 50000
Z → µµ 4500 – 5000 301578 2.433x10−07 300000 380000 50000
Z → µµ 5000 – ∞ 301579 1.167x10−07 300000 380000 50000
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Figure A.3: Fitted parameterizations of the dielectron channel m`` response model param-
eters (equation 6.7) as functions of truth-level dilepton mass. Figures taken from [129].
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Figure A.4: Fitted parameterizations of the dimuon channel m`` response model parameters
(equation 6.7) as functions of truth-level dilepton mass. Figures taken from [129].
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Parameter Mt-dependence Fit result
µCB(Mt) = pµCB,1 + pµCB,2/ ln(Mt) + pµCB,3 · ln(Mt) pµCB,1 = 0.13287

+pµCB,4 · ln(Mt)4 pµCB,2 = −0.410663
pµCB,3 = −0.0126743
pµCB,4 = 2.9547 · 10−6

σCB(Mt) =
√
p2
σCB,1 + (pσCB,2/

√
Mt)2 + (pσCB,3/Mt)2 pσCB,1 = 0.0136624

pσCB,2 = 0.230678
pσCB,3 = 1.73254

αCB(Mt) = pαCB,1 pαCB,1 = 1.59112
nCB(Mt) = pnCB,1 + pnCB,2 · exp(−pnCB,3 ·Mt) pnCB,1 = 1.13055

pnCB,2 = 0.76705
pnCB,3 = 0.00298312

µG(Mt) = pµG,1 + pµG,2/Mt + pµG,3 ·Mt + pµG,4 · ln(Mt)3 pµG,1 = −0.00402708
+pµG,5/M

2
t + pµG,6 ·M2

t pµG,2 = 0.814172
pµG,3 = −3.94281 · 10−7

pµG,4 = 7.97076 · 10−6

pµG,5 = −87.6397
pµG,6 = −1.64806 · 10−11

σG(Mt) =
√
p2
σG,1 + (pσG,2/

√
Mt)2 + (pσG,3/Mt)2 pσG,1 = 0.00553858

pσG,2 = 0.140909
pσG,3 = 0.644418

κ(Mt) = pκ,1 + pκ,2 · exp(−pκ,3 ·Mt) + pκ,4 ·Mt + pκ,5 ·M3
t pκ,1 = 0.347003

pκ,2 = 0.135768
pκ,3 = 0.00372497
pκ,4 = −2.2822 · 10−5

pκ,5 = 5.06351 · 10−13

Table A.3: Functional dependence on the truth mass Mt of the seven m`` response model
parameters (equation 6.7) in the dielectron channel. Note: this is table 28 in the dilepton
analysis internal documentation [129].
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Parameter Mt-dependence Fit result
µCB(Mt) = pµCB,1 + pµCB,2/Mt + pµCB,3/M

2
t + pµCB,4/M

3
t pµCB,1 = −0.0891397

+pµCB,5 ·Mt + pµCB,6 ·M2
t + pµCB,7 ·M3

t pµCB,2 = 10.6169
pµCB,3 = −951.712
pµCB,4 = 74775.3
pµCB,5 = 5.60192 · 10−5

pµCB,6 = −1.58827 · 10−9

pµCB,7 = −3.81706 · 10−13

σCB(Mt) = pσCB,1 + pσCB,2/Mt + pσCB,3/M
2
t + pσCB,4 ·Mt + pσCB,5 ·M2

t pσCB,1 = 0.0836349
pσCB,2 = −8.98476
pσCB,3 = 491.19
pσCB,4 = 5.18068 · 10−5

pσCB,5 = −3.45042 · 10−10

αCB(Mt) = pαCB,1 + pαCB,2/Mt + pαCB,3/M
2
t + pαCB,4/M

3
t + pαCB,5 ·Mt pαCB,1 = 0.512577

pαCB,2 = 252.922
pαCB,3 = −79337.4
pαCB,4 = 7.31863 · 106

pαCB,5 = 0.000237883
nCB(Mt) = pnCB,1 pnCB,1 = 6.08818
µG(Mt) = pµG,1 + pµG,2 ·Mt + pµG,3 ·M2

t + pµG,4 ·M3
t + pµG,5 ·M4

t pµG,1 = −0.00410659
pµG,2 = 2.82352 · 10−6

pµG,3 = −6.264 · 10−9

pµG,4 = 1.25547 · 10−12

pµG,5 = −9.94431 · 10−17

σG(Mt) = pσG,1 + pσG,2/Mt + pσG,3/M
2
t + pσG,4 ·Mt + pσG,5 ·M2

t pσG,1 = 0.0214264
pσG,2 = −0.795058
pσG,3 = 15.4726
pσG,4 = 3.38205 · 10−5

pσG,5 = −1.64984 · 10−9

κ(Mt) = pκ,1 + pκ,2/Mt + pκ,3/M
2
t + pκ,4 ·Mt + pκ,5 ·M2

t pκ,1 = 0.235477
pκ,2 = −31.2227
pκ,3 = 3447.34
pκ,4 = 4.54408 · 10−5

pκ,5 = −3.25374 · 10−9

Table A.4: Functional dependence on the truth mass Mt of the seven m`` response model
parameters (equation 6.7) in the dimuon channel. Note: this is table 29 in the dilepton
analysis internal documentation [129].
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Figure A.5: Invariant mass distributions of 1 TeV MSSM Higgs samples for different relative
widths Γ/MH in the dielectron (left) and dimuon (right) channels at truth-level (top row),
after fiducial cuts (middle row), and after reconstruction (bottom row).
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Figure A.6: Invariant mass distributions of 4 TeV Graviton samples for different values of the
extra-dimensional curvature parameter k/MPl in the dielectron (left) and dimuon (right)
channels at truth-level (top row), after fiducial cuts (middle row), and after reconstruction
(bottom row).
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Figure A.7: Comparison of the leading (top) and subleading (bottom) lepton η distributions
at truth-level for the 0-width Higgs, 0-width Z ′, and a Graviton sample at 1 TeV. The
distributions are each normalized to 1. The fiducial cuts (equations 6.13 and 6.14) have
been applied. This demonstrates how the spin-1 mediator (Z ′) produces leptons that are
more forward-distributed than in the spin-0 or spin-2 cases.
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Figure B.1: Observed and expected upper limits at 95% confidence level on the fiducial cross
section of a generic signal in the dielectron (left) and dimuon (right) channels. The curves
with different colors correspond to six different resonance width assumptions. Overlaid are
predicted cross sections within the fiducial volume for three benchmark models: Z ′χ, Z ′ψ,
Z ′SSM with relative widths of 0.5%, 1.2%, and 3.0%, respectively. The PDF uncertainty on
the Z ′SSM cross section curve is indicated by the shaded band. Figures taken from [1].
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B.1 The look-elsewhere effect

In general, the situation of a mass scan can be categorized as a hypothesis test where one
or more parameters exist for the alternate hypothesis but are undefined for the null1:

P(H1) = P(H0) ∪ {mX ,ΓX , . . . } (B.1)

where P denotes the parameter set. Note that the parameter of interest is defined under
both hypotheses although it is fixed at µ = 0 under H0. The additional parameters which
are not defined under H0 are, in this case, the signal mass mX and width ΓX but could
be other ones in general. These can be thought of as nuisance parameters (NPs) which are
neither constrained nor free to float in the fit, but fixed during each minimization at a point
in an overall scan of values2. The search for a new signal is carried out, agnostic toward
these additional NPs until the most significant excess is identified at a particular mass and
width and “breaks the symmetry”. Similarly, nowhere in the usual p-value calculation of
this particular excess does the fact enter that hundreds or even thousands of neighboring
mass points did not exhibit such a large significance.

A search designed to be sensitive to excesses across a wide signal region irrespective of
their mass is more likely to observe significant statistical fluctuations than a search limited
to only one signal mass, for example. In the understanding of “significant” as “unlikely to
be a statistical fluctuation”, a scan over multiple signal hypotheses simply introduces more
probabilistic opportunities for the background-only hypothesis to generate fluctuations. This
is called the look-elsewhere effect (LEE).

The LEE can be accounted for by reporting the global p-value: the probability of observing
a fluctuation anywhere across the entire background invariant mass spectrum which has a
local p-value at least as small as the one observed in data, generally at a different mass. If f
is the probability distribution of the most significant (i.e. minimal) p-value expected from
a background-only dataset, then the global p-value can be expressed as follows:

p̂global = P
(

min(plocal
∣∣
bkg) ≤ p̂local

)
=
∫ p̂local

0
f
(

min(plocal
∣∣
bkg)

)
dplocal (B.2)

where hats denote the values associated with the observation in question. Hence the global
p-value can be interpreted as a p-value of local p-values. For a given local p-value, the
corresponding global p-value increases with the range of the mass scan because the min
function in f has more “candidates” to choose from. Similarly, increased granularity of the
mass scan drives a larger LEE down to a limit of the experimental mass resolution.

The distribution f can be built up by collecting the maximally-significant fluctuations from
an ensemble of pseudo-experiments (toys) generated under the background-only hypothesis.
Measuring p-values in Gaussian significance is a one-to-one mapping. The distribution of

1An early study of this situation as stated is by Davies in [171]

2In principle it is also possible, albeit technically problematic, to allow the mass, width, etc to float if
only the most significant excess is of interest. To a small, constrained extent the electron energy scale and
resolution systematic variations do this.
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Figure B.2: Distribution of largest local significances observed in (left) dielectron and (right)
dimuon channel pseudoexperiments. Median shown by vertical dashed line.

the largest local significance values is shown for 150 toys in the electron and muon channels
separately in figure B.2. The statistical analysis configuration used in this figure is from
the 36.1 fb−1 dilepton publication. In this case the global significance can be calculated as
the normalized integral on the right tail of this distribution above a given local significance
zlocal:

p̂global = P
(

max(plocal
∣∣
bkg) ≥ ẑlocal

)
= 1
N

∞∑
i=î

ni , î = index(ẑlocal) (B.3)

and ẑglobal = Erf−1 (1− 2p̂global) (B.4)

where N is the number of toy datasets scanned and the sum counts up all toy scans whose
largest significance was as large or larger than the given ẑlocal. The median values indicated
in figure B.2 suggest that 50% of the background-only processes will produce a fluctuation
with significance of at least 2.45σ (2.20σ) in the dielectron (dimuon) channel.

B.1.1 Asymptotic behaviour of trials factor for 1D search

Evidently the sample size of the distribution in figure B.2 is quite limited to ∼ 102 which is
a result of the prohibitive computing time required to perform numerous scans (incorporat-
ing systematic uncertainties is the expensive part). To calculate global p-values associated
with local significance beyond 2.5σ, the 36.1 fb−1 dilepton analysis utilized the asymptotic
relationship derived by Gross and Vitells [172]3:

p̂global = P
(
χ2

1(q0) ≥ q̂0
)

︸ ︷︷ ︸
p̂local

+〈N(c0)〉e−
q̂0−c0

2 (B.5)

3Shown is the special case for k = 1 degrees of freedom, for a single POI.
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where q̂0 is the observed value of the LLR test statistic (equation 8.4) and c0 is some
reference threshold. The first term on the right hand side is simply the local p-value in
the asymptotic approximation of Wilks’ theorem for one degree of freedom. The second
term therefore describes the LEE as a term involving the average number of test statistic
“upcrossings” 〈N(c0)〉, counted when q0 crosses above the threshold c0 in a background-only
toy. Lastly, the exponential represents a scaling law which allows freedom in the choice of
reference value c0. Equation B.5 holds in the limit of large significances which conveniently
is also where the tails of the toy distributions in figure B.2 become statistically uncertain.

The factor 〈N(c0)〉 can be measured to sufficient accuracy by counting upcrossings in a
relatively small collection of background-only toys. To illustrate, figure B.3a shows how 12
threshold upcrossings are counted for a q0 scan on a typical toy dataset. This one example
corresponds to a single entry in the bin containing # upcrossings = 12 in the distribution
shown in figure B.3b. In this case 〈N(c0)〉 of equation B.5 equals 11.89.
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Figure B.3: Illustration of test statistic upcrossings. (a) shows an example test statistic
scan on a background-only toy dataset in the electron channel where red triangles locate
12 upcrossings of the test statistic q0 above a reference threshold of c0 = 1.0. (b) shows the
distribution in number of upcrossings of the test statistic for the same c0 in 150 electron
channel toys.

To demonstrate the validity of equation B.5 in the large-significance limit, an ensemble of
50k background-only toys were scanned without systematic uncertainties (to make them
quicker). With the increased statistical precision in the large-significance tails, equation B.3
could be used up to ẑlocal = 5σ. The test statistic upcrossings were also counted for each toy
for use in equation B.5. The comparison of the two results is shown for the range of ẑlocal
values on the x-axis of figure B.4. The asymptotic relationship agrees to within less than
0.2σ with the tail integral method beginning at ẑlocal = 3σ and improves towards higher
values, as expected.

Based on the validation of the asymptotic approach, for the 36.1 fb−1 analysis a hybrid
of equation B.3 and equation B.5 was used. The first method is used as far as the limited
statistical precision in figure B.2 allows. Then a linear interpolation is used to interpolate
across roughly 0.5σ to where the asymptotic description (B.5) begins. Using the same col-
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Figure B.4: Comparison of local-to-global significance map derived using the asymptotic
relationship in equation B.5 and from pseudoexperiments (equation B.3).

lection of 150 pseudo experiments, the average number of upcrossings above a c0 = 1.0
threshold is measured as the mean of distributions such as the one in figure B.3b.

Finally, figure B.5 shows the global p-value phrased in Gaussian significance plotted for a
local significance range. The y-intercepts corresponds to the medians of the distributions
in figure B.2. Negative values of global significance indicate data which were less signal-
like than is typically expected of the background. Because of the LEE, observations in
the combined dilepton channel will need to exceed local significance of 4.4σ to meet the
conventional 3σ global significance threshold required for claims of evidence. The effect is
essentially the same in the dielectron channel alone since its much better m`` resolution
makes it contribute much more to the combined LEE than the dimuon channel.

In the full Run-2 dilepton analysis the LEE was estimated solely using equation B.5 and
using only the observed dataset as a single “pseudoexperiment” for counting upcrossings.
This is consistent with a recommendation by the ATLAS Statistics Forum for search results
with an observed local significance of 2 − 3σ. However, depending on how large the scan
is (with respect to the experimental resolution), the total number of upcrossings may be
small, leading to uncertainty in N(c0). In this case because of the large LEE (i.e. lots of
fluctuations) the uncertainty is acceptable, and the resulting estimate of global significances
for the largest excesses are listed in table 8.4.

B.1.2 Asymptotic behaviour of trials factor for 2D search

In equation B.1 the signal width ΓX was also listed for an example of a nuisance parameter
which is defined for the alternate hypothesis but not for the null. Thus, performing a scan
over ΓX also introduces a LEE. In the dilepton analysis, a 2D scan is performed over both
mX and ΓX , hence engaging a two-fold LEE. Quantifying the 2D LEE can be done in
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Figure B.5: Distribution of highest local significances observed in (left) dielectron and (right)
dimuon channel pseudo experiments. Median shown by vertical dashed line.

exactly the same way as described above by scanning ensembles of background-only toy
datasets. But if the computational time for only the mass scan was already prohibitive,
running the width scan is slower by a factor of the number of width points. Therefore the
follow-up publication by Gross and Vitells [173] treating the the multi-dimensional search
case is all the more helpful.

The test statistic in a 2D scan of a background-only toy dataset constitutes a random
field in the two search parameters. Upcrossings therefore appear as “islands” instead of
the peaks shown in figure B.3a. An example of the 2D analogue is shown in figure B.6. In
subfigure B.6b, the shaded regions where the test statistic is above threshold is referred to
as the excursion set. Since signal shapes are relatively similar across the range of widths
considered compared to the range of masses, the excursion set has more correlation along
the vertical direction. Again, this study is in the context of the 36.1 fb−1 dilepton analysis.

The asymptotic expression for the global p-value in a 2D search is related to a topological
property of the excursion set known as the Euler characteristic φ(), calculated as shown in
figure B.74. In fact, according to [173],

p̂global ' 〈φ(q̂0)〉 = P
(
χ2

1(q0) ≥ q̂0
)

︸ ︷︷ ︸
p̂local

+(N1 +
√
q̂0N2)e−q̂0/2 (B.6)

where 〈 〉 denotes the average. The first approximate equality is that in the limit of small
(i.e. significant) local p-values, the global p-value tends toward the average value of the Euler

4The Euler characteristic turns out to be on average the number of “islands” minus the number of “lakes”
(i.e. holes in islands), as is nearly the case in B.7.
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Figure B.6: Example of a 2D scan of the test statistic on a background-only pseudoexper-
iment. (b) shows the excursion set comprised of regions where the test statistic lies above
the reference threshold of c = 2 in this case.

characteristic of the corresponding excursion set. This is analogous to the behaviour of the
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asymptotic relationship (B.5) in 1D. However, as with the 1D case, this can be determined
using the more frequent upcrossings occurring at a lower threshold. In the second equality
of (B.6) the average Euler characteristic is related to two unknown coefficients N1 and N2.
Since they are assumed to not vary with q̂0, they can be determined by measuring 〈φ(q̂0)〉
for the excursion sets at two different thresholds, say q̂0 = c0 and c1, and solving the linear
system of equations.

Figure B.7: Illustration showing how the Euler characteristic is calculated from the excursion
set. In the example shown φ = 12− (7 + 4) + 1 = 0.

This procedure was followed using 2D scans on 1000 background-only toy datasets. A variety
of choices for c0 and c1 were tried, and for each choice equation B.6 used to isolateN1 andN2.
It was found that choosing c0 = 0 led to reasonable results. This and seven different choices
for c1 produced the relationships between global and local significance plotted in figure B.8.
Also shown is the map resulting from using the “brute force” approach of integrating the
tails of the toys’ q0 distributions (equation B.3). It is clear that the choice of thresholds
appears to have an impact on the resulting relationship, whereas this is not indicated in
[173]. Also the agreement with the fully toys-based calculation is not as persuasive as in the
1D case shown in figure B.4. This study has been only investigative and was not yet used
in any publication. There is clearly more to be understood, but these results already show
a degree of feasibility of the asymptotic method for a 2D scan which may be applicable in
future analysis iterations.
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Figure B.8: Comparison of local-to-global significance map derived using the asymptotic
relationship in equation B.6 and from pseudoexperiments. A range of choices for the q̂0
thresholds c0 and c1 are shown with some variation.
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B.2 Comparison of qµ and q0 distributions for upper limits

This section shows how using either the q0 (equation 8.14) and qµ (equation 8.16) test
statistic leads to the same upper limit. I am not aware of this equivalence being shown in
previous publications but also have not intentionally looked. In section 8.1.2 the intuition
for determining an upper limit on the signal strength µ was built from q0 distributions
which shift progressively to larger values and therefore correspond to shrinking ps+b cut off
by a stationary q̂0. When using instead the qµ test statistic, the dynamics are reversed but
preserve the same effect. Figure B.9 shows the qµ analogues of figure 8.2 as follows:

• figure 8.2a ↔ figure B.9a, figure B.9b, figure B.9c

• figure 8.2b ↔ figure B.9d

Note that a two-sided version of qµ is used for illustrative purposes.

qµ ≡
{
−2 lnλ(µ), µ̂ ≤ µ
+2 lnλ(µ), µ̂ > µ

(B.7)

What shifts in this case is the q̂µ for each hypothesis in the scan, while the distribution of qµ
actually remains stationary (it is the mirrored chi-square distributions in each subfigure of
B.9). Similarly, while in the q0 case the background-only distribution remained stationary
for different µ, in the qµ case it shifts to larger values. In fact the test statistic distributions
for background-only toys under qµ are the same as the distributions for toys with µ′ = µ
under q0.

To check that the p-values needed to compute the CLs are the same for either choice of
test statistic, consider again the example of an observed q̂0 which was shown in figure 8.2b.
Using the Wald expression of equation 8.12, such an observation corresponds to

q̂0 = 3 = µ̂2

(5.278)2 =⇒ µ̂ = 9.142 (B.8)

where the denominator is the value of σ(µ=0) measured as the standard deviation of the
distribution in figure B.10a.

Now, to convert this observation into a qµ value the corresponding asymptotic expression
can be used:

qµ '
(µ− µ̂)2

σ2
µ

(B.9)

Substituting in the value obtained in (B.8) and the standard deviation of the underlying µ̂
measurement at µ′ = 16 shown in figure B.10b,

∴ q̂(µ=16) = (16− 9.142)2

(5.58)2 = 1.511 (B.10)

This value of q̂µ can now be overlaid with the qµ distribution as shown in figure B.9d to
determine ps+b and pb. They are shown in table B.1 in comparison to those obtained using
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Figure B.9: Distributions of the LLR test statistic qµ for 10k toys generated for different
hypothesized values of the signal strength. Each subfigure shows one distribution for 10k
background-only toys (µ′ = 0) and another for 10k toys with injected signal matching the
hypothesized value (µ′ = µ). In each case the qµ distribution for toys with the injected signal
takes the form of a two-sided χ2

1 distribution. The background-only distribution is shown in
red and shifts upward with µ. Each toy dataset (with 200k events) was both generated and
then fit at a fixed mass using a simple s+ b model based on an exponential background.

the q0 test statistic. Dealing with qµ results in p-values that agree with those obtained using
the q0 test statistic.
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Figure B.10: Distributions of best-fit µ̂ for (a) background-only toys and (b) toys with
injected µ′ = 16. Mean and standard deviation shown in upper right corner. Each toy
dataset (with 200k events) was both generated and then fit at a fixed mass using a simple
s+ b model based on an exponential background.

test statistic for µ̂ = 9.142 pb ps+b CLs
q̂0 = 3.0 3.83% = 383/10000 12.14% = 1214/10000 0.1262
q̂µ = 1.511 3.87% = 387/10000 11.88% = 1188/10000 0.1236

Table B.1: Comparison of p-values obtained using q̂0 and q̂µ for an example observation of
µ̂ = 9.142.
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Appendix C

Sliding window fit crosscheck

Note: the sections in this appendix have been adapted from appendices N and Q of the
dilepton analysis internal documentation [129].

C.1 Overview

The large dataset size which presents a challenge for a fully Monte Carlo based background
estimate opens up an opportunity for a data-driven background estimate that is sufficiently
constrained. In the context of the dilepton analysis, the data-driven background estimate
is derived from a parametric, monotonic background function which is fit to the data in
a certain range. Note that in general there are alternatives to using a parametric function
such as Gaussian process regression [168] and functional decomposition [174]. If the range
of the background fit is too small, it will not be sufficiently constrained in the case of a true
signal. This results in a loss of sensitivity as the background function’s parameters are free
enough to pull and “fit out” the signal. On the other hand, achieving a good fit to the data
in the entire range is potentially challenging given the small statistical uncertainty in the
data and the presence of multiple background components within the inclusive spectrum.
This possibility is checked using the spurious signal test for the global fit configuration on
the full Run-2 dataset (chapter 8.2.3). However it is expected that the same configuration
will not be able to properly model larger datasets in the future. For example already in
this analysis round it was seen that including the lowest part of the spectrum, down to
130 GeV substantially increased the spurious signal of the global fit, presumably due to
fit mismodelling. Therefore, what follows in this chapter is a more general approach which
attempts to optimize the sensitivity and robustness of a data-driven background estimate by
fitting the data in ranges of the observable called windows. Each signal pole mass hypothesis
corresponds to a separate window which generally overlaps with its neighbors. In this way
the width and position of the window with respect to the signal mass can be optimized
instead of arbitrarily choosing to fit the full mass spectrum.
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C.2 Method

The simplest incarnation of a “Sliding Window Fit”, or SWiFt involves fitting the back-
ground function to the data in a window of fixed width and centred on the pole mass
hypothesis. In this set up, the window will “slide” across the invariant mass spectrum in the
scan over pole mass hypotheses. This type of approach is quite established in dijet searches
within ATLAS [175, 176] where it is used to stitch together a semi-rigid background template
from data. However, the method presented here is novel in that it combines the robustness
offered by the sliding window fits while completely avoiding the problems associated with
stitching them together.

The width and position of the window relative to the signal mass need not be static, and
section C.5 describes a procedure for optimizing the window configuration as a function
of signal mass. Figure C.1 illustrates the windows obtained from the optimization done
separately in the electron and muon channels. When performing a mass scan on data, the
sliding window may eventually encounter a region where it does not encompass enough data
to be sufficiently constrained thereby. In this case, an “anchor” point can be chosen as the
maximum value for the left edge of the sliding window.

The requirement for a monotonic background function implies that a suitable function fitting
in a restricted range should have less parameters to provide a rigid estimate in the presence
of a signal. In our implementation, the following background function with four parameters
(including normalization) produces stable fits across the invariant mass spectrum:

f(m``) = 1(
M2
Z −m2

``

)2 +
(
m2
`` ∗ ΓZ/MZ

)2 × p0

(
1− m``

13

)p1 (m``

13

)p2+p3∗log(m``/13)
(C.1)

where the first factor is a relativistic Breit-Wigner shape with parametersMZ = 0.0911876 TeV
and ΓZ = 0.0024952 fixed to the Particle Data Group values for the Z boson resonance.
The choice of function is driven primarily by its ability to model the low-mass range of the
invariant mass spectrum where the shoulder of the Z peak is challenging to describe.

The background function C.1 is then added to the generic signal model obtained as described
in section 6.6.4 (the optimization was based on the zero-width signal). Fitting the data with
this s + b probability density function is the basis for search and limit-setting scans with
the same configuration as those in section 8.2.2.

C.3 RooSwift

The SWiFt search, optimization, and limit-setting are implemented in a RooFit/RooStats-
based framework called RooSwift [177] developed within the dilepton group. RooSwift was
preceded by the original SWiFt package used in JDM analyses but has the advantage of
utilizing the RooWorkspace class which is easily portable and recognized within the ATLAS
community.
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Figure C.1: An illustration of the window ranges used in the SWiFt procedure in the ee
(left) and µµ (right) channel shown as colored rectangles overlaying the smoothed MC
background template. These are the window configurations produced by the optimization
procedure described in section C.5.

C.4 Uncertainties

The finite dataset size introduces a statistical uncertainty into the data-driven results. This
uncertainty is taken into account implicitly through the maximum-likelihood fit which allows
the background fit parameters to vary within the assumed Poisson uncertainties on each
bin of data.

The only systematic uncertainty applied to the data-driven background estimate is the
spurious signal systematic. The spurious signal systematic uncertainty quantifies the degree
to which background mismodelling distorts the true signal extraction. A poor background
fit will deviate from the data so that even in a background-only sample, a signal may be
induced by the discrepancy of the fit near the pole mass. The optimal window configuration
and function choice will reduce the amount of spurious signal but not eliminate it entirely.

To estimate the size of the spurious signal uncertainty a smooth background m`` spectrum
is constructed by adding the TF-smoothed MC templates for Drell-Yan and tt̄ described
in section 6.6.3 to the next-dominant templates and the QCD template scaled up from [9].
This background template is normalized to 140fb−1 to represent the target Run-2 integrated
luminosity. The spurious signal is then measured in a mass scan on the smoothed MC
background template as if extracting the presence of a real signal. The absolute value of
the resulting signal yield (|NSS |) as a function of mass is shown in figure C.2 and is then
modelled using the following smooth function to eliminate fluctuations:

|Nss|(x) = p0(1− x)p1xp2+p3 log x+p4(log x)2 + p5x
p6 , x = MZ′/13 (C.2)

In order to obtain a conservative estimate, only a subset of the |NSS | points are fitted which
are selected to represent the envelope of the distribution. The fitted parameter values of
Equation C.2 corresponding to the fits shown in figure C.2 have the following values in the
ee and µµ channels:
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channel ee µµ
p0 = 0.100209 0.497362
p1 = 22.2081 21.6417
p2 = −1.76909 −2.09654
p3 = 0.435344 −0.00915778
p4 = 0.117314 0.0448331
p5 = 0.0126385 0.0083518
p6 = −1.21579 −0.243600

(C.3)

Finally, this model of the spurious signal yield is taken to be the standard deviation of
a gaussian constraint term profiling the spurious signal systematic in the likelihood as in
equation C.4. Effectively, the background-only fit is allowed to pull the spurious signal
strength nuisance parameter (θSS) to enhance the fit at the cost of a likelihood penalty
meted by the constraint term.

L =
∏
i∈bins

Prob (Ni|Nbkgfbkg + (µNsig + θss)fsig)×Gaus(θss, 0, |Nss|) (C.4)
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Figure C.2: The measured spurious signal for a zero-width signal extracted from the
smoothed MC background template normalized to 140fb−1. The green curve indicates the
functional fit of equation C.2 to the selected maxima identified with red markers.

C.5 Optimization

As mentioned in section C.1, the sensitivity of the SWiFt procedure depends on the width
of the sliding window. While increasing width will, for an ideal background function lead to
increasing sensitivity, for an imperfect function with a fixed number of parameters it also
leads to increased background mismodelling. When incorporated through the spurious signal
systematic as described in section C.4, the background mismodelling accompanying wide
windows is expected to curb the effect of increasing sensitivity. These two effects suggest
that in principle an optimal window configuration should exist for a given function as a
function of pole mass.
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In addition to the window width, only one more parameter is required to form a basis
for the space of all window configurations, and an obvious choice is the window centrality,
defined as the difference between the geometric center of the window and the pole mass
being tested, divided by the width of the window. In the width (w) and centrality (c) basis,
the left and right edges of windows are parameterized as follows:

mleft
`` = MZ′ − w × (1− c)/2 (C.5)

mright
`` = MZ′ + w × (1 + c)/2 (C.6)

The output of the optimization procedure is a model of the window configuration parame-
terized through w and m as functions of pole mass MZ′ which optimizes the sensitivity of
the SWiFt approach for a given background function. Strictly speaking, the optimization is
also limited to a particular signal model (in this case the zero-width shape) such that when
considering wide signals, w and m would also be functions of the resonance width ΓZ′ .

The sensitivity of the SWiFt procedure is quantified using the expected significance: the
value of the Gaussian significance measured on an Asimov dataset with an injected signal.
In order to avoid bias from the background mismodelling, the background used in the
Asimov dataset is taken from the smooth MC background template. Furthermore, for the
optimization procedure the size of the injected signal is calculated as a multiple of the
background integral underneath the signal within a central range four times the absolute
invariant mass resolution. The value itself is not relevant, only that it remains constant for
each window configuration at a given pole mass.

The background mismodelling is incorporated into the fit producing the expected signifi-
cance via the spurious signal systematic as described in section C.4. However, within the
optimization procedure there is no way to first extract a spurious signal envelope since there
is no a priori choice of window configuration. Instead, the spurious signal for a given choice
of w and c at a given pole mass is estimated as directly the signal extracted from a fit
to the smooth MC template at that pole mass. The downside of this approach is that it
is sensitive to fluctuations within the smooth MC template which the envelope approach
avoids. But because the optimization is performed as a function of pole mass, any given
fluctuation should impact all windows configurations roughly the same. Though the abso-
lute value of the spurious signal may be offset by fluctuations, the different window choices
will still result in a relative difference that provides the gradient for the optimization.

To set up a comparison of a reasonable set of window configurations, the a few steps are
performed within a nested “for loop” over window width w, window centrality c, and pole
mass MZ′ :

for w in steps of 0.020 TeV between 0.020 TeV and 0.420 TeV

for c in steps of 0.1 between −0.8 and +0.8

for MZ′ in steps of 0.005 TeV between 0.200 TeV and 0.500 TeV
and steps of 0.010 TeV between 0.500 TeV and 1.100 TeV

1. Fit signal normalization from smoothed MC background
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2. Create Asimov dataset with injected signal

3. Measure significance of Asimov dataset (2) using the measurement
in (1) as the standard deviation on the spurious signal nuisance
parameter

Then, for each pole mass, the expected significance values of these windows are “cleaned
up” as described below before being plotted on a two-dimensional grid of window width ver-
sus centrality as shown in figure C.3. The smoothed MC background template has a lower
boundary of 0.130 TeV, so only window configurations whose left edge satisfy mleft

`` ≥ 0.130
are shown. Further, to narrow the comparison to more sensitive window configurations, at
each pole mass only windows with expected significance above 3.0σ and 2.5σ are shown
in the electron and muon channels, respectively. Lastly smoothing is applied in two ways:
first, statistical fluctuations in the background are smoothed by taking the expected sig-
nificance at any pole mass using the average of the surrounding ten pole masses in the
loop. The second step of smoothing is applied within the w − c plane to identify broader
regions of interest under the assumption that similar window configurations should have
correspondingly similar sensitivity.

Once the candidate window configurations are arrayed the in the w − c plane, the optimal
point at each pole mass is taken as the center of the highest contour in expected significance.
In the case of degenerate maximum contours, the one with the largest area is selected, and
candidates near the edge are disfavored. In the example of figure C.3, the optimal (w, c)
coordinate is marked with a star. Figures C.4 and C.5 show the measured optimal width
and centrality, respectively, as functions of pole mass along with the functional fits used to
model their evolution smoothly:

w(MZ′) = α0 + α1MZ′ + α2/MZ′ (C.7)
c(MZ′) = β0e

β1MZ′ + β2MZ′ (C.8)

where the best-fit values of the αn and βn in the two channels are

channel ee µµ
α0 = 0.0296051 0.581191
α1 = 1.14651 0.758327
α2 = −0.0131862 −0.109202
β0 = 2.32409 1.11605
β1 = −6.28307 −2.75518
β2 = −1.3× 10−7 −0.0379527

(C.9)

The prescription of Equation C.8 is used to define the windows illustrated in figure C.1 and
used in the SWiFt results both in extracting the spurious signal estimate of section C.4 and
in the scans on data in section C.6.
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Figure C.3: Expected significance above 3.0σ and 2.5σ levels in the ee (left) and µµ
(right) channels, respectively, for windows of different widths and centralities at MZ′ =
0.323 TeV, 0.745 TeV, 1.055 TeV. The star indicates the selected optimal window configura-
tion in each case.
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Figure C.4: Optimal values of window width w as a function of pole mass in the ee (left)
and µµ (right) channels along with their functional fits.
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Figure C.5: Optimal values of window centrality c as a function of pole mass in the ee (left)
and µµ (right) channels along with their functional fits.
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Figure C.6: Observed 1-dimensional significance scans of deviations from the background-
only hypothesis, as a function of the Z ′ pole mass, MZ′ , for a signal width assumption of
Γ/M = 0% on truth-level for the 2015-17 dataset in the ee (upper left), µµ (upper right)
and `` (bottom) channels. Results obtained from SWiFt implementation

C.6 Results based on SWiFt

C.6.1 Significance scans

Figure C.6 shows the significance scans on the 2015-2017 data from the SWiFt implemen-
tation using the zero-width signal model. The results incorporate the experimental uncer-
tainties described in section 6.8 and the spurious signal systematic uncertainty described
in section C.4. To also probe wide signal hypotheses, the significance scan was repeated
using the zero-width signal model convoluted with Breit-Wigner lineshapes at ten different
widths up to Γ/M = 10%. The results are shown together with the zero-width significance
scan in figure C.7 and do not include any systematic uncertainties. Note that the allowed
range of the POI (the signal size) has been limited to take only positive values above 1.5
TeV for fit stability.
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Figure C.7: Observed significance scans of deviations from the background-only hypothesis,
as a function of the Z ′ pole mass, MZ′ for the 2015-17 dataset in the ee (upper left), µµ
(upper right) and `` (bottom) channels. A truth-level signal width assumption of Γ/M = 0%
is shown overlaid with ten wide signal width assumptions between Γ/M = 1% and Γ/M =
10% identified by the color axis. Results obtained from SWiFt implementation neglecting
systematic uncertainties.

C.6.2 Limit curves for 2015− 17 dataset (80 fb−1)

figure C.8 shows the cross section limits on the 2015-2017 data from the SWiFt implemen-
tation using the zero-width signal model. The results incorporate the experimental uncer-
tainties described in section ?? and the spurious signal systematic uncertainty described in
section C.4.
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Figure C.8: Expected and observed limits on the Z ′ production cross-section × branching
ratio into one fermion generation, σZ′→``×BR, as a function of the Z ′ pole mass,MZ′ in the
ee (upper left), µµ (upper right), and `` (bottom) channels. Results obtained from SWiFt
implementation assuming a signal width of 0%.
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C.7 Comparison between SWiFt and the global fit

The data-driven background estimation was originally investigated using two independent
frameworks, a SWiFt approach and a global fit approach. Both setups are implemented
using RooFit classes and the statistical procedure is as described in chapter 8.The eventual
decision to adopt the global fit option was based on the performance comparison documented
in this section. The spurious signal and expected upper limits were used as performance
metrics at the full Run 2 target luminosity of 140 fb−1 along with fit stability considerations.

Both methods were optimized against the same smooth background template with the
procedures described in sections C.5 and 8.2.3, and both use the same signal model. The
systematic uncertainties on the signal shape, acceptance × efficiency and luminosity are
treated equally between the two methods when incorporated. The effect of background
uncertainties, e.g. due to PDF variations, are taken into account through the spurious signal
estimate only for the global fit (compare section 8.2.4). The impact of these background
variations are mainly given for the high Mtruth region.

The function choice for the SWiFt option is given by a 3-parameter function (equation C.1),
which is fitted inside dedicated windows for each Mtruth assumption. The fit range in the
SWiFt option depends on the Mtruth assumption and can extend down to the beginning of
the background template at Minv = 130 GeV. The high-mass cutoff is maximally given by
Minv = 6 TeV for the windows in the high Mtruth region. The SWiFt option allows to scan
Mtruth values starting at 200 GeV.

The global fit option uses a 5-parameter function (equation 8.20), which is fit to the full
considered invariant mass range. The fit range is given by Minv ∈ [225GeV, 6TeV] and
mainly affected by the Z peak region, which starts to modify the spectrum towards lower
Minv. The global fit option allows to scan Mtruth values starting at 250 GeV.

C.7.1 Spurious signal estimate

The comparison of the spurious signal estimates is given in figure C.9. The raw spurious
signal values of the two methods do not show considerable differences in the intermediate
mass regions, while for the low mass region the global fit option yields up to 20% (30%)
higher spurious signal values for the statistical fluctuations at around 300 GeV for the ee
(µµ) channel. Higher spurious signal values are present in the high mass region for the
global fit, which might be due to the inclusion of background uncertainties in the global fit
option. The spurious signal in the high mass region is typically below 1 signal event and
inconsequential for the statistical results of both methods.

The spurious signal parameterization involves a somewhat ad hoc functional choice intended
as a reasonable envelope of the raw values, and as such it is different for the two methods.
The parameterization could be adapted according to the requirements placed on the func-
tional form chosen and if it needs to capture all raw spurious signal values. Currently the
SWiFt parameterization is more conservative for intermediate masses, whereas the global
fit parameterization slightly underestimates some raw values which are most likely driven
by statistical fluctuations within the background template.
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Figure C.9: Comparison of the spurious signal estimations in the SWiFt and global fit
options at 140 fb−1. The thick lines give the raw spurious signal values, while the thin lines
give the functional parameterization.

C.7.2 Limit curves without systematic uncertainties

The comparison of the SWiFt and global fit stat.-only limits (which neglect all systematic
uncertainties) at 140 fb−1 for the ee, µµ and `` channels is given in figure C.10.

In the ee channel no significant difference between the two methods is present. The limits
in the µµ channel are up to 20% lower with global fit option in the high-mass region, which
is most probably an effect of the large µµ mass resolution and thus the very wide signal
distributions. The global fit option might provide a more stable background estimate in this
case. In the low mass region, SWiFt provides stronger limits by 5− 10% in the µµ channel,
probably being related to the possibility to cover invariant masses lower than the global fit
cut-off at 225GeV.

The `` channel limits are affected by the already described differences in the single channels
and is up to 5% stronger for the global fit option in the intermediate and high-mass regions.

C.7.3 Limit curves including systematic uncertainties

The comparison of the SWiFt and global fit limits at 140 fb−1 including systematic uncer-
tainties for the ee, µµ and `` channels is given in figure C.11.

Compared to the limit curves obtained without taking into account systematic uncertainties,
the global fit provides consistently stronger limits than SWiFt in figure C.11. The increased
discrepancy between the limits at intermediate mass is in part due to the difference in choice
of spurious signal parameterization shown in figure C.9.
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Figure C.10: Comparison of the expected limits on the Z ′ production cross-section × branch-
ing ratio into one fermion generation, σZ′→`` × BR, as a function of the Z ′ pole mass, MZ′

in the ee (upper left), µµ (upper right) and `` channels (bottom) at 140 fb−1 for the SWiFt
and global fit options. A signal width of 0% is assumed and no systematic uncertainties are
taken into account.

C.7.4 Conclusions from comparison

Both methods are comparably stable and sensitive descriptions of the expected ee and µµ
background distributions at 140 fb−1. A comparison is done in terms of the spurious signal
and the expected limits for SWiFt and the global fit. The difference in the expected stat.-
only limits of the two methods is typically below 5% (20%) in the ee (µµ) channels with the
global fit generally providing better sensitivity for masses above 350GeV. This discrepancy
is increased for the expected limits including systematic uncertainties largely because of
the difference in spurious signal parameterization choices. The level of agreement between
expected limits indicates that both RooSwift and Hfitter are viable options and this is
useful in case the need for a cross-check arises. Moreover both methods support the same
conclusion regarding the competence of a data-driven resonant search strategy.
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Figure C.11: Comparison of the expected limits on the Z ′ production cross-section × branch-
ing ratio into one fermion generation, σZ′→``×BR, as a function of the Z ′ pole mass, MZ′ ,
in the ee (upper left), µµ (upper right) and `` channels (bottom) at 140 fb−1 for the SWiFt
and global fit options. A signal width of 0% is assumed and all experimental uncertainties as
well as the spurious signal uncertainty are taken into account. The standalone upper limit
plots for SWiFt are given in figure C.8, while figure 8.9 contains the global fit information.

Because of the slightly better limits in the global fit option and the fact that it had been
successfully used in past analyses (the diphoton resonance search), it was chosen over the
more novel SWiFt approach. The agreement between statistical results both on the full
Run-2 expected dataset and on the 80 fb−1 dataset (figures C.8, C.6) was helpful to have
confidence in the data-driven analysis strategy.
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Appendix D

Additional reinterpretation
material

D.1 Additional HVT material
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Figure D.1: Example showing array of contours drawn on the ratio of HVT fiducial cross
section to the upper limit. Red curve is the contour where ratio is nearest to 1.
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Figure D.2: Expected 95% CL exclusions on HVT model fermionic and bosonic couplings
derived from the ATLAS high-mass dilepton [1] (blue) and lepton + Emiss

T [156] (green)
searches. Regions outside the the lines are excluded.
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Figure D.3: Comparison of HVT expected exclusions obtained in the `ν final state [156]
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D.2 Additional DM material
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Figure D.4: Distributions of pT and η for the leading and subleading leptons in each of the
10k generated axial-vector Z ′DM events after applying fiducial cuts.
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curve is a re-production of the 36.1 fb−1 exclusion contour using the current framework.
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