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The Higgs boson as a probe for new physics: Investigation of CP properties and
search for associated dark matter production with ATLAS Run 2 data

Erlend Aakvaag

Abstract

This thesis presents studies of the Higgs boson using the full Run 2 proton–proton collision dataset collected

by the ATLAS experiment at the LHC at a centre-of-mass energy of
√
s = 13 TeV, corresponding to an

integrated luminosity of 140 fb−1. The CP properties of the Higgs boson are investigated in the vector-boson

fusion production mode, using its decay into τ -leptons. To probe potential CP-violating interactions between

the Higgs boson and electroweak gauge bosons, the Optimal Observable method is employed in the framework

of effective field theory. No significant deviations from the Standard Model are observed, and constraints

are placed on CP-odd parameters, interpreted both in the HISZ basis via d̃ and in the Warsaw basis via

the Wilson coefficient cHW̃ . The stand-alone result from the fully leptonic channel yields a 95% confidence

interval of d̃ ∈ [−0.078, 0.091] and cHW̃ ∈ [−1.38, 1.71]. Further enhancement is obtained by statistically

combining all three decay modes of the τ -lepton pair, with combined measurements of d̃ ∈ [−0.012, 0.049]

and cHW̃ ∈ [−0.24, 0.84] at 95% confidence level. The latter represents one of the strongest limits on the

cHW̃ Wilson coefficient to date.

Additionally, dark matter production in association with a Higgs boson decaying into hadronically decaying

τ -leptons is investigated, using the same dataset. No evidence of new physics is observed, and the res-

ults are interpreted in the context of a two-Higgs-doublet model with an additional pseudoscalar mediator

(2HDM+a), with exclusion limits set at 95% confidence level on the model parameters. Model-independent

upper limits on the visible cross-section of new physics in the Emiss
T + h(ττ) final state are also provided,

ranging from 0.04 to 0.08 fb depending on the signal region.

Supervisors: Bjarne Stugu and Anna Lipniacka
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Leting etter ny fysikk med Higgs-bosonet: Studier av CP-egenskaper og assosiert
mørk materie produksjon med ATLAS Run 2-data

Erlend Aakvaag

Abstract

Denne avhandlingen presenterer studier av Higgs-bosonet ved bruk av hele Run 2 datasettet fra proton–proton-

kollisjoner samlet inn av ATLAS-eksperimentet ved LHC, med
√
s = 13 TeV og en integrert luminositet på

140 fb−1. CP-egenskapene til Higgs-bosonet undersøkes i vektor-boson-fusjon produksjon, med henfall til

τ -leptoner. For å studere mulige CP-brytende interaksjoner mellom Higgs-bosonet og elektrosvake vektor-

bosoner benyttes en matrise-basert variabel som sensitiv til avvik som kommer fra CP brudd. Ingen signi-

fikante avvik fra standardmodellen har blitt observert, og det settes begrensinger på CP-odd parametere,

tolket både i HISZ-basen via d̃ og i Warszawa-basen via Wilson-koeffisienten cHW̃ . Resultatet fra den fullt

leptoniske kanalen gir alene et 95% konfidensintervall på d̃ ∈ [−0.078, 0.091] og c̃HW ∈ [−1.38, 1.71]. Videre

forbedring oppnås gjennom en statistisk kombinasjon av alle tre henfallskanaler til τ -leptonparet, med kom-

binerte målinger som gir 95% konfidensintervall på d̃ ∈ [−0.012, 0.049] og cHW̃ ∈ [−0.24, 0.84]. Sistnevnte

representerer en av de mest sensetive målingene av Wilson-koeffisienten cHW̃ til dags dato.

I tillegg undersøkes produksjon av mørk materie i assosiasjon med et Higgs-boson som henfaller til hadroniske

τ -leptoner ved bruk av det samme datasettet. Ingen tegn til ny fysikk har blitt observert, og resultatene

tolkes innenfor en To-Higgs-Doublet modell med en ekstra pseudoskalar mediator (2HDM+a), hvor eksklus-

jonsgrenser ved 95% konfidensnivå settes på modell-parameterne. Modell-uavhengige øvre grenser for det

synlige tverrsnittet for ny fysikk i topologien Emiss
T + h(ττ) presenteres også, og varierer mellom 0.04 til

0.08 fb avhengig av signal-regionen.

Veiledere: Bjarne Stugu and Anna Lipniacka
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Chapter 1

Introduction

The Standard Model (SM) represents the current understanding of the fundamental constituents of matter and

the interactions that govern their behaviour. It incorporates all known elementary particles and describes their

interactions through the strong, electromagnetic, and weak forces. The formulation of the model reached its

present form in the 1970s and has since undergone extensive experimental scrutiny. Remarkably, its predictions

have consistently demonstrated exceptional agreement with experimental observations. With the discovery of

the Higgs boson in 2012 by the ATLAS and CMS collaborations [1, 2], all particles predicted by the SM have

been experimentally verified.

Despite its success, however, the SM is known to be incomplete. One of the key shortcomings is its inability to

account for the observed baryon–antibaryon asymmetry in the universe. The level of asymmetry predicted by

the SM is several orders of magnitude smaller than what is required to explain the observed imbalance [3–5].

According to the Sakharov conditions [6], generating such an asymmetry requires the presence of processes that

violate charge conjugation (C) and the combined charge-parity (CP) symmetry. While the SM does contain

a source of CP violation through quark mixing in the electroweak sector [7, 8], it is insufficient to explain the

observed baryon asymmetry, suggesting the existence of additional CP-violating interactions beyond the SM.

Given that CP violation in the SM arises in the electroweak sector, it is natural to search for additional sources

of CP violation in other electroweak processes. The couplings of the Higgs boson to vector bosons (HV V

couplings) are particularly well-suited for such studies. This thesis presents an analysis that probes the CP

structure of the HV V vertex via Higgs boson production through vector boson fusion (VBF) in final states

containing a pair of τ -leptons and two jets. CP-violating interactions are introduced by extending the SM

Lagrangian to include anomalous couplings arising from higher-dimensional operators within the framework of

effective field theory. These additional terms can modify the SM Higgs couplings to gauge bosons, leading to

measurable deviations in observables that are sensitive to CP-violating effects. In this thesis, a matrix-element-
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1. Introduction

based Optimal Observable is used, where the presence of CP-violating interactions gives rise to asymmetries in

the distribution, offering direct sensitivity to such contributions.

Another major shortcoming of the SM is the nature of dark matter (DM), which constitutes approximately

27% of the energy content of the universe [9, 10]. The SM does not provide a viable DM candidate, motivating

new theories beyond the SM. Collider-based searches for DM typically target signatures with large missing

transverse momentum (Emiss
T ) arising from weakly interacting particles escaping detection. One promising class

of searches is the mono-Higgs signature, where DM is produced in association with a Higgs boson. This topology

is targeted by the analysis in this thesis, where a search is performed in final states with a τ -lepton pair and

large Emiss
T . This signature can be incorporated into a simplified model that extends the Higgs sector. The

search in this thesis is interpreted in the context of the Two-Higgs-Doublet Model extended by a pseudoscalar

mediator (2HDM+a) [11]. The model provides a minimal, renormalisable framework that allows the Higgs

sector to couple to DM particles.

To provide context for the analyses presented, this thesis begins a the theoretical motivation, followed by a

description of the experimental tools, and concludes with the analysis strategies and results. It is organised into

three main parts:

Part I: The first part covers the relevant theoretical concepts for the analyses described in this thesis.

Chapter 2 provides an overview of the SM, with particular focus on the Higgs boson and its properties.

Chapter 3 discusses the theory of CP violation both within and beyond the SM, and outlines potential

search strategies based on the framework of effective field theory. Chapter 4 presents the evidence for DM

and explores search techniques for DM candidates arising in extended Higgs sector theories.

Part II: The second part describes the experimental infrastructure and methodology underlying the

results presented in this thesis. Chapter 5 introduces the LHC accelerator, the main components of the

ATLAS detector, and the simulation of theoretical predictions for physics processes. Chapter 6 details

the algorithms used to reconstruct physics objects employed in ATLAS analyses. Chapter 7 covers the

statistical methods used in LHC measurements and the procedures for setting limits on new physics

models.

Part III: The third and final part presents the analysis strategies and results of the two studies conducted

in this thesis. Chapter 8 describes the strategy for measuring CP violation in the VBF production vertex

using H → ττ decays, with special emphasis on the fully leptonic channel. Chapter 9 outlines the strategy

and results of the mono-Higgs Emiss
T + h(ττ) DM search with hadronically decaying τ -leptons.
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Chapter 2

The Standard Model

This chapter provides a brief introduction to the theoretical foundations of the Standard Model. An overview

is first presented, followed by a discussion of the underlying symmetry principles and the physical theories that

arise from them. The chapter concludes with a discussion of the Brout–Englert–Higgs mechanism and the

Higgs boson, which is of particular interest in this thesis. Experimental signatures and measurements of Higgs

properties are also briefly summarised.

2.1 Particle Content of the Standard Model

All elementary particles observed to date are incorporated into the Standard Model (SM) framework. Based on

their intrinsic spin, they are categorised into two fundamental classes: fermions, which are spin- 1
2 particles that

constitute matter, and bosons, which are integer-spin (0, 1) particles that mediate the fundamental interactions

or, in the case of the Higgs boson, are responsible for the generation of particle masses through electroweak

symmetry breaking.

There are twelve elementary fermions, divided equally into leptons and quarks, each grouped into three genera-

tions based on their quantum numbers and masses. Leptons consist of the electron (e), muon (µ), and tau (τ),

each carrying an electric charge Q = −1, together with their associated electrically neutral neutrinos (νe, νµ,

ντ ). Charged leptons participate in both electromagnetic and weak interactions, whereas neutrinos interact only

via the weak interaction. In the SM, each generation of leptons is organised into a left-handed SU(2)L doublet,

comprising a charged lepton and its associated neutrino, and a right-handed SU(2)L singlet corresponding to the

charged lepton. The weak interaction couples to leptons via the weak isospin, which distinguishes the members

of the doublet, and the hypercharge Y , which is related to the electric charge through the Gell–Mann–Nishijima
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2.1. Particle Content of the Standard Model

relation[12]:

Q = T3 + Y

2 , (2.1)

where T3 is the third component of the weak isospin. Additionally, each lepton has an associated antiparticle

with identical mass but opposite electric charge and lepton number. The leptons and their properties are

summarised in Table 2.1.

Generation Particle Mass [MeV] Charge [e] Weak isospin T3 Antiparticle

I e 0.511 −1 + 1
2 ē

νe < 0.8 × 10−8 0 − 1
2 ν̄e

II µ 105.7 −1 + 1
2 µ̄

νµ <0.19 0 − 1
2 ν̄µ

III τ 1777 −1 + 1
2 τ̄

ντ <18.2 0 − 1
2 ν̄τ

Table 2.1: Properties of left-handed leptons in the SM. Values taken from PDG [13].

Quarks similarly form three generations, each containing one up-type quark (up, charm, top) with electric

charge Q = + 2
3 and one down-type quark (down, strange, bottom) with electric charge Q = − 1

3 . Like leptons,

quarks form left-handed doublets and right-handed singlets under the SU(2)L symmetry group, and have both

weak isospin and hypercharge. In addition to weak and electromagnetic interactions, quarks carry colour charge

and interact via the strong force, which binds them into colour-neutral hadrons such as protons, neutrons, and

mesons. The properties of the quarks are summarised in Table 2.2.

Generation Particle Mass [MeV] Charge [e] Weak isospin T3 Antiparticle

I u 2.2+0.5
−0.4 + 2

3 + 1
2 ū

d 4.7+0.5
−0.3 − 1

3 − 1
2 d̄

II c 1275+25
−35 + 2

3 + 1
2 c̄

s 95+9
−3 − 1

3 − 1
2 s̄

III t (173 ± 0.4) × 103 + 2
3 + 1

2 t̄

b 4180+40
−30 − 1

3 − 1
2 b̄

Table 2.2: Properties of quarks in the SM. Values taken from PDG [13]

The SM describes three of the four fundamental interactions in the universe: the strong, electromagnetic, and

weak interactions. These interactions are mediated by spin-1 gauge bosons.

The strong interaction, mediated by gluons (g), operates at short distances and is responsible for binding quarks

together to form hadrons, such as protons and neutrons, which in turn bind into atomic nuclei. The electro-

magnetic interaction, mediated by photons (γ), governs the interaction between electrically charged particles,

leading to the formation of atoms, molecules, and larger chemical structures. The weak interaction, mediated

by the massive W± and Z0 bosons, enables processes such as β-decay, which are essential for radioactive decays.
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Additionally, the SM includes a spin-0 scalar particle, the Higgs boson (H). The Higgs boson arises through

the Brout-Englert-Higgs mechanism, which spontaneously breaks the SU(2)L × U(1)Y electroweak symmetry

and give rise to mass terms for the W± and Z0 gauge bosons, as well as fermions through additional Yukawa

couplings. The strength of interaction with the Higgs field determines particle masses, while massless particles

like photons remain unaffected. The properties of the Higgs and gauge bosons are summarised in Table 2.3.

Interaction Mediator Mass [GeV] Spin Charge [e]
Electromagnetic γ 0 1 0
Weak (neutral) Z0 91.1876 ± 0.0021 1 0
Weak (charged) W± 80.379 ± 0.012 1 ±1

Strong g 0 1 0
Higgs boson H 125.25 ± 0.17 0 0

Table 2.3: Properties of the vector and scalar bosons in the SM [13].

2.2 Gauge theories and symmetries

Gauge theories are quantum field theories characterised by local gauge symmetries. Their dynamics are described

using the Lagrangian formalism, with the Lagrangian density L(ϕ, ∂µϕ) expressed in terms of fields ϕ and their

derivatives ∂µϕ. Integrating the Lagrangian density over space-time yields the action:

S =
∫
d4xL(ϕ, ∂µϕ). (2.2)

Hamilton’s principle states that physical systems evolve to make the action stationary, leading to the Euler–

Lagrange equations of motion:
∂L
∂ϕ

− ∂µ

(
∂L

∂(∂µϕ)

)
= 0, (2.3)

This equation can be applied to any field to obtain the dynamics of a system from the Lagrangian.

Symmetry plays a central role in physics, underpinning conservation laws. A continuous symmetry transform-

ation, represented by an infinitesimal phase shift ϵ, can be expressed as:

ϕ → eiϵϕ ≈ ϕ+ iϵϕ. (2.4)

If the Lagrangian remains invariant under a continuous global transformation, Noether’s theorem implies the

existence of a conserved current jµ:

∂µj
µ = 0, where jµ = ∂L

∂(∂µϕ)δϕ. (2.5)

Integrating the time component of this current over all space yields the associated conserved charge:

Q =
∫
d3x j0. (2.6)
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2.2.1. Quantum electrodynamics

For instance, if the Lagrangian is invariant under a global U(1) symmetry, the conserved charge can be identified

with the electric charge. More complicated transformations also exists, where the infinitesimal changes are done

in multiple dimensions. The SU(2) and SU(3) Lie groups are defined by phase rotations in two or three

dimensions respectively. The associated conserved charges under SU(2) can be identified with the weak isospin,

while for SU(3) its colour charge.

The SM itself is built upon gauge symmetries, and enforcing invariance under local phase transformations leads

to the introduction of gauge fields mediating the fundamental interactions. Specifically, the SM Lagrangian is

required to be invariant under local transformations of the following three gauge groups:

SU(3)C × SU(2)L × U(1)Y . (2.7)

Each symmetry group has a corresponding set of generators: U(1)Y has a single generator associated with phase

rotations, SU(2)L has three generators corresponding to the Pauli matrices, and SU(3)C has eight generators

corresponding to the Gell-Mann matrices. The number of generators determines the number of gauge boson

mediators in the theory.

2.2.1 Quantum electrodynamics

Quantum Electrodynamics (QED) is the quantum field theory describing electromagnetic interactions, for-

mulated by quantising the classical electromagnetic field. Classically, this field is represented by the scalar

potential ϕ(x) and the vector potential A(x), combined into a four-vector potential Aµ(x) = (ϕ,A). The

dynamics of these potentials are described by the Maxwell equations, which in terms of potentials give rise to

the electromagnetic field tensor:

Fµν = ∂µAν − ∂νAµ. (2.8)

The free photon Lagrangian is given by:

Lphoton = −1
4FµνF

µν , (2.9)

and remains invariant under gauge transformations of the form:

Aµ → Aµ + ∂µf(x), (2.10)

where f(x) is an arbitrary scalar function.

Fermions, described by spinor fields ψ(x), follow the Dirac equation derived from the Dirac Lagrangian:

Lfermion = ψ̄(x)(iγµ∂µ −m)ψ(x) (2.11)
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where γµ represents the Dirac gamma matrices. This Lagrangian is invariant under global U(1) phase trans-

formations, but enforcing invariance under local gauge transformations requires replacing the partial derivative

∂µ with the covariant derivative Dµ = ∂µ + iqeAµ(x). This replacement introduces an interaction term between

photons and fermions:

LQED = ψ̄(iγµDµ −m)ψ − 1
4FµνF

µν . (2.12)

2.2.2 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is the quantum field theory describing the strong interaction between quarks,

mediated by gluons. Quarks are fermions carrying both electric charge and an additional quantum number

called colour, which exists in three types conventionally labelled as red, green, and blue. QCD is formulated as

a non-Abelian gauge theory, meaning that the generators of its symmetry group SU(3)C do not commute.

Each quark field with flavour f is represented by a three-component spinor Ψ in colour space, and the dynamics

of free quarks are described by the Lagrangian:

L0 = Ψ̄(iγµ∂µ −mf )Ψ. (2.13)

Enforcing invariance under local SU(3)C gauge transformations requires the introduction of a covariant deriv-

ative Dµ:

Dµ = ∂µ + igs

2 λjA
j
µ, j = 1, . . . , 8, (2.14)

where gs is the strong coupling constant, λj are the Gell-Mann matrices and Aj
µ are the gluon fields.

This leads to an interaction term between quarks and gluons:

Lint = −gs

2 Ψ̄γµλjΨAj
µ. (2.15)

Adding a kinetic term for the gluon fields gives the full QCD Lagrangian:

LQCD = Ψ̄(iγµDµ −mf )Ψ − 1
4G

j
µνG

µν
j , (2.16)

where the gluon field strength tensor Gj
µν is defined as:

Gj
µν = ∂µA

j
ν − ∂νA

j
µ + gsfjklA

k
µA

l
ν . (2.17)

The prefactor fjkl denotes the structure constants of SU(3). The non-Abelian nature of QCD, reflected in

the non-linear structure of Gj
µν , leads to gluon self-interactions. These interactions are responsible for the

phenomenon of confinement, whereby quarks and gluons cannot be observed as free particles but instead form
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colour-neutral bound states such as baryons and mesons. Experimental studies of quarks and gluons are carried

out indirectly via high-energy collisions, where collimated sprays of hadrons known as jets offer insight into the

underlying parton dynamics.

2.2.3 Electroweak Theory

Electroweak theory unifies the electromagnetic and weak interactions into a single gauge theory based on the

symmetry group SU(2)L ×U(1)Y . Originally formulated by Glashow, Weinberg, and Salam [14–16], the theory

predicts the existence of three gauge fields, Wµ
j (j = 1, 2, 3) associated with the SU(2)L symmetry group, and

one gauge field Bµ associated with U(1)Y symmetry group.

The electroweak interaction is chiral, meaning that it couples differently to left-handed and right-handed fer-

mions. The chiral components of the fermion fields can be obtained with projection operators:

PL/Rψ = 1
2(1 ∓ γ5)ψL/R, (2.18)

where the chirality matrix γ5 is defined from the four Dirac matrices. The resulting left-handed components

form a doublet ΨL that transform under the combined operation of SU(2)L × U(1)Y , while the right-handed

components ψR are singlets under SU(2)L and only transform under U(1)Y . For leptons, the left-handed

doublet consists of a charged lepton and its associated neutrino, while the right-handed singlet is only defined

for the charged lepton. Similarly, for quarks, each left-handed doublet contains one up-type and one down-type

quark, accompanied by separate right-handed singlets for both the up- and down-type components.

To maintain invariance under local gauge transformations, covariant derivatives must be introduced for the left-

and right-handed fermion fields:

DµΨL =
(
∂µ + igW

σj

2 W
µ
j + ig′Y

2 B
µ

)
ΨL, DµψR =

(
∂µ + ig′Y

2 B
µ

)
ψR, (2.19)

where gW and g′ are the coupling constants associated with SU(2)L and U(1)Y , respectively, σj are the Pauli

matrices, and Y denotes the hypercharge of the fermion field.

The charged weak fields W±
µ couple to left-handed fermions with strength gW and arise from linear combinations

of W 1
µ and W 2

µ :

W±
µ = 1√

2
(
W 1

µ ∓ iW 2
µ

)
. (2.20)

The photon field Aµ and the neutral weak field Zµ emerge from a rotation of the U(1)Y gauge field Bµ and the
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2.2.4. Electroweak symmetry breaking and gauge boson mass terms

SU(2)L gauge field W 3
µ by the weak mixing angle θW , defined as θW = tan−1(g′/gW ):Aµ

Zµ

 =

 cos θW sin θW

− sin θW cos θW


Bµ

W 3
µ

 . (2.21)

Both Aµ and Zµ couple to left- and right-handed fermion fields with coupling strengths:

e = gW sin θW = g′ cos θW ,

gZ = gW

cos θW
= g′

sin θW
,

(2.22)

where e is the coupling constant from QED. The SU(2)L symmetry group is also non-Abelian, leading to self-

interactions among the charged electroweak gauge bosons, as well as interactions between the charged bosons,

the neutral Z boson, and the photon.

Electroweak theory provides a comprehensive theoretical description of the unified electroweak interaction.

It does however rely on massless gauge bosons and fermions since adding corresponding mass terms to the

Lagrangian breaks local gauge invariance. This is in conflict with experimental observations that the W± and

Z0 gauge bosons are massive [17, 18]. To resolve this, an additional mechanism is required.

2.2.4 Electroweak symmetry breaking and gauge boson mass terms

The first approaches to solve the zero-mass constraint of the electroweak model were introduced in 1964 [19–21].

The first step requires the introduction of a SU(2)L doublet Φ of complex scalar fields ϕ:

Φ =
(
ϕ+

ϕ0

)
= 1√

2

(
ϕ1 + iϕ2
ϕ3 + iϕ4

)
, (2.23)

where ϕ+ has charge Q = +1 and ϕ0 is neutral. The corresponding Lagrangian, which remains invariant under

global SU(2)L × U(1)Y transformations acting on Φ, is given by:

L = (∂µΦ)† (∂µΦ) − V (Φ), (2.24)

with the potential:

V (Φ) = µ2Φi†Φ + λ
(
Φ†Φ

)2
. (2.25)

In the case where µ2 < 0, the potential has an infinite set of degenerate minima. Every field configuration that

satisfies:

Φ†Φ = 1
2
(
ϕ2

1 + ϕ2
2 + ϕ2

3 + ϕ2
4
)

= −µ2

2λ = v2

2 , (2.26)

minimises the potential at a non-zero value. The quantity v ≈ 246 GeV [13] is referred to as the vacuum

expectation value (vev) of Φ, arising when the potential has a non-zero ground state. Spontaneous symmetry
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breaking of the global SU(2)L × U(1)Y symmetry occurs when the field settles into a specific minimum. A

convenient choice, referred to as the unitary gauge, sets the doublet components to the following:

ϕ1 = ϕ2 = ϕ4 = 0,

ϕ3 =
√

−µ2

λ
= v.

(2.27)

Due to the choice ϕ = ϕ2 = 0 the charged scalar field component of Φ vanishes and leads to an electrically

neutral ground state:

Φ = 1√
2

(
0
v

)
. (2.28)

By choosing this minimum, the global SU(2)L × U(1)Y symmetry get spontaneously broken. This reduces the

number of degrees of freedom from four to one. The three seemingly vanishing degrees of freedom reappear

as longitudinal degrees of freedom for the massive gauge bosons when they acquire mass. Expanding the field

around the ground state yields:

Φ = 1√
2

(
0

v +H

)
, (2.29)

where H represents the physical Higgs field. Inserting Eq. 2.29 into Eq. 2.24 and replacing the derivative ∂µ

with the following covariant derivative:

Dµ = ∂µ + igW
σj

2 W
µ
j + i

g′

2 B
µ, (2.30)

keeps the Lagrangian invariant under local SU(2)L × U(1)Y gauge transformations. Explicitly this yields:

(DµΦ)† (DµΦ) = 1
2 (∂µH)† (∂µH) + 1

8g
2
W

(
W 1

µ + iW 2
µ

) (
W 1µ − iW 2µ

)
(v +H)2

+ 1
8
(
gWW 3

µ − g′Bµ

) (
gWW 3µ − g′Bµ

)
(v +H)2.

(2.31)

The mass terms arise from the terms proportional to v2. Using the identities from Eq. 2.20–2.22, they can be

re-expressed in the basis of the physical gauge bosons:

Lmass = 1
2

(vgW

2

)2 (
W−

µ W
−µ +W+

µ W
+µ
)

+ 1
2

(
v
√
g2

W + g′2

2

)2

ZµZ
µ. (2.32)

This demonstrates that, by introducing a complex scalar SU(2)L doublet with a non-zero vacuum expectation

value, and coupling it to the SU(2)L and U(1)Y gauge fields, it is possible to generate mass terms for the

corresponding gauge bosons while preserving local gauge invariance. This procedure is referred to as the

Brout–Englert–Higgs (BEH) mechanism, or the Higgs mechanism for short. Through this mechanism, both the

W± and Z0 bosons acquire mass, while the photon remains massless. The masses of the electroweak gauge

bosons are given by:

mW = 1
2vgW mZ = 1

2v
√
g2

W + g′2. (2.33)
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The terms in Eq. 2.31 proportional to H and H2 give rise to interactions between the Higgs boson and the W±

gauge bosons:

Lint ⊃ 1
2g

2
W vW−

µ W
+µH + 1

4g
2
WW−

µ W
+µH2, (2.34)

with coupling strength g2
W v
2 = gWmW proportional to the mass. Similarly the coupling strength for the HZZ

interaction is given by 1
2v(g2

W + g′2) = 2m2
Z

v . The form of the potential in Eq. 2.25 also changes to:

V (H) = λv2H2 + λvH3 + λ

4H
4, (2.35)

where the first term represents the mass of the Higgs boson mH =
√

2λv2. The second and third term give rise

to Higgs self-coupling.

2.2.5 Yukawa couplings and fermion mass terms

In the SM, fermions are initially massless due to the chiral structure of the theory. Left-handed fermions

transform as doublets under SU(2)L, whereas right-handed fermions transform as singlets. This distinction

prevents the inclusion of explicit fermion mass terms in the Lagrangian, as such terms would not be invariant

under local SU(2)L × U(1)Y gauge transformations. To regain the symmetry, Yukawa couplings between the

scalar field Φ and fermion fields are introduced. For leptons they take the following form:

Lℓ
Y = −yℓ L̄ℓ Φ ℓR + h.c., (2.36)

where Lℓ = (νℓ, ℓ)T
L is the left-handed lepton doublet, ℓR is the right-handed charged lepton, Φ is the scalar

doublet, and yℓ is the Yukawa coupling for lepton flavour ℓ = e, µ, τ . Inserting Eq. 2.29 into the expression for

the Yukawa interaction yields:

Lℓ
Y = −yℓv√

2
ℓ̄ℓ− yℓ√

2
ℓ̄ℓH, (2.37)

where H is the Higgs boson. The first term generates masses for the leptons:

mℓ = yℓv√
2
. (2.38)

The second term describes interactions between the leptons and the Higgs boson, which, like the gauge bosons,

have a coupling strength proportional to the mass (or equivalently, a mass proportional to the coupling strength).

In the minimal SM, neutrinos remain massless. This follows from the absence of right-handed neutrino fields

νR, which are required to form gauge-invariant Yukawa terms similar to those of the charged leptons.

Quark masses are generated in a similar way as the charged leptons, though the construction requires the use

of both the Higgs doublet and its charge-conjugate. The Yukawa Lagrangian for a single quark generation can
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be written as:

Lq
Y = −yd Q̄L Φ dR − yu Q̄L Φ̃uR + h.c., (2.39)

where QL = (u, d)T
L is the left-handed quark doublet, uR and dR are the right-handed up-type and down-type

quarks, and Φ̃ is defined as:

Φ̃ = iσ2Φ∗ =

 ϕ0∗

−ϕ−

 , (2.40)

where σ2 is the second Pauli matrix, ϕ− is the conjugate of ϕ+, and ϕ0∗ is the conjugate of the neutral scalar

field ϕ0.

After symmetry breaking, the quarks acquire masses:

mu = yuv√
2
, md = ydv√

2
, (2.41)

with additional interaction terms coupling them to the Higgs boson. Extending this to all three generations

introduces Yukawa matrices, which after diagonalization lead to the CKM matrix. This matrix describes flavour

mixing and plays a central role in weak interaction processes involving quarks and violation of charge conjugation

parity (CP) symmetry in the SM. This will be covered in more detail in Chapter 3.

2.3 Success and limitations of the Standard Model

The SM has successfully predicted the existence of several elementary particles prior to their experimental

discovery. These include the W± and Z0 bosons [17, 18], the gluon [22–25], as well as the top and bottom

quarks [26–28]. The final missing component of the theory, the Higgs boson, was discovered in 2012 by the

ATLAS and CMS collaborations at the LHC [1, 2].

In addition to the discovery of individual particles, the SM provides precise predictions for the production cross-

sections for a wide range of processes. These predictions have been confirmed by numerous measurements at

high-energy colliders. Figure 2.1 summarises selected cross-section measurements from the ATLAS experiment,

showing excellent agreement with the SM predictions over several orders of magnitude.

However, despite its many successes, the SM does not offer a complete description of fundamental physics.

Both experimental observations and theoretical considerations point towards the need for a more comprehensive

framework. Selected key phenomena that cannot be explained within the SM are listed below:
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Figure 2.1: Measured production cross-sections for various SM processes as a function of process type, compared with
theoretical predictions. The measurements are based on data collected by the ATLAS experiment up to 2024. The col-
oured bands represent the experimental measurements at different energies, while the grey band indicates the theoretical
prediction uncertainties [29].

Gravity: Gravitational interactions are not included in the SM. Introducing the hypothesised spin-2

graviton as the mediator of gravity leads to a non-renormalisable theory, with ultraviolet divergences that

cannot be consistently removed [30]. Efforts to develop a quantum theory of gravity include proposals

such as string theory [31, 32] and loop quantum gravity [33].

Neutrino Masses: In the SM, neutrinos are massless due to the absence of right-handed neutrino

states and the requirement of gauge invariance. However, the observation of neutrino oscillations [34–

36], which involve changes in flavour during propagation, implies that at least two neutrino species must

have non-zero masses. The mixing of neutrino flavour and mass eigenstates is described by the Ponte-

corvo–Maki–Nakagawa–Sakata (PMNS) matrix [37, 38].

Matter–Antimatter Asymmetry: The SM predicts that matter and antimatter should have been

produced in equal amounts in the early universe. However, observations show that the present-day universe

consists almost entirely of matter. This imbalance implies the need for a dynamical process known as

baryogenesis, which must satisfy the three Sakharov conditions [6]: violation of baryon number, violation

of C and CP symmetries, and a departure from thermal equilibrium. Although the SM exhibits features
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that partially satisfy these conditions, such as non-perturbative baryon number violation via sphaleron

processes at high temperatures and CP violation in the quark sector via the CKM matrix, it is insufficient

to quantitatively account for the observed asymmetry. A discussion of CP violation within the SM, as well

as potential sources of additional CP violating couplings beyond the SM in the Higgs sector, is presented

in Chapter 3.

Dark Matter: Observational evidence from galactic rotation curves [39], gravitational lensing [40], and

measurements of the cosmic microwave background (CMB) [10] strongly indicates the existence of a non-

visible, non-baryonic form of matter, commonly referred to as dark matter. The SM does not contain

any viable dark matter candidate. Dark matter appears to interact predominantly through gravity, with

no confirmed evidence for non-gravitational interactions via the electromagnetic, weak, or strong forces.

According to CMB observations [10], dark matter constitutes approximately 27% of the total energy

density of the universe, while baryonic matter accounts for about 5%. The remaining 69% is attributed

to dark energy. Models and experimental approaches aiming to explain and detect dark matter will be

discussed in more detail in Chapter 4.

Dark Energy: The accelerated expansion of the universe, observed through supernovae surveys [41, 42],

provides strong evidence for the existence of dark energy. The SM does not account for this phenomenon.

Dark energy is postulated to be uniformly distributed throughout space and to possess negative pressure,

thereby influencing the dynamics of cosmic expansion. Within the ΛCDM framework, dark energy is often

modelled as a non-zero cosmological constant Λ, corresponding to a vacuum energy density [43]. However,

theoretical estimates of the vacuum energy based on quantum field theory exceed the observed value by

many orders of magnitude, highlighting a profound theoretical challenge. The nature and origin of dark

energy therefore remain unknown.

2.4 The Higgs boson

As discussed in the previous sections, electroweak symmetry breaking predicts the existence of a scalar particle,

the Higgs boson. Since its discovery in 2012, the Higgs boson has been extensively studied at the LHC. The

measured properties of the Higgs boson are in good agreement with the predictions of the SM. This section

provides an overview of the Higgs boson properties relevant to the studies presented in this thesis.
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2.4.1. Production and decay

2.4.1 Production and decay

There are several mechanisms by which a Higgs boson can be produced in proton–proton collisions at the LHC.

The leading-order Feynman diagrams corresponding to the main production modes are shown in Figure 2.2.

The production cross sections at a different centre-of-mass energies have been computed in Ref. [44] and are

summarised in Figure 2.3.

g

g

t
H

a) Gluon-gluon Fusion (ggF)

q1

q2

q′
1

q′
2

H

W/Z

W/Z

b) Vector boson fusion (VBF)

q1

q̄2

W/Z

H

W/Z

c) Higgs-strahlung (V H)

g

g

t

t̄

H

d) Associated production (ttH)

Figure 2.2: Leading order Feynman diagrams of the top four Higgs boson production modes at the LHC: gluon-gluon
fusion (top left), vector-boson-fusion (top right), Higgs-Strahlung (bottom left) and associated production with a top-
antitop quark pair (bottom left).

The dominant Higgs boson production mode is gluon–gluon fusion (ggF), in which two gluons interact through a

virtual loop of heavy quarks, primarily the top quark, to produce a Higgs boson. This dominance arises because,

at the energies probed by the LHC, gluon interactions from proton–proton collisions are highly probable and

abundant, and because the Higgs–fermion coupling strength, given by the Yukawa interaction in Eq. 2.37, is

proportional to the fermion mass.

The second most common production mechanism is vector boson fusion (VBF), where two incoming quarks

emit W or Z bosons that fuse to form a Higgs boson. In addition to the Higgs, this process typically produces

two high-momentum jets in the forward regions of the detector. These jets are well separated in pseudorapidity

and form a distinctive topology, which helps to discriminate VBF events from background.

Associated production with a vector boson (V H) or a top quark pair (tt̄H) also contribute to the overall Higgs

boson production rate. While their cross sections are smaller, these processes offer different event topologies
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2.4.1. Production and decay

a) Higgs production b) Higgs decay

Figure 2.3: Higgs production cross section (left) as a function of
√
s for proton-proton collisions. The VBF process is

indicated here as qqH. Higgs decay branching ratios (right) as a function of mH near mH = 125 GeV [44].

that can be exploited in dedicated analyses.

The Higgs boson is not a stable particle and is therefore inferred through the reconstruction of its decay products.

As it couples to all massive SM particles, it can decay via multiple channels. The hierarchy of the Higgs boson

decays is closely related to particle masses. Decays to heavier particles are generally favoured. Since the top

quark is heavier than the Higgs boson, on-shell H → tt̄ decays are kinematically forbidden. Consequently,

the largest branching ratio comes from H → bb̄ decays, followed by WW , and gg. The latter arises from

loop-mediated processes involving top or bottom quarks, and can be considered the reverse analogue of the ggF

production mechanism. The fourth largest branching ratio comes from the decay studied in both analyses in

this thesis, namely H → ττ . A summary of the expected Higgs boson branching ratios is shown in Figure 2.3.

The branching ratios are calculated from comparing the partial decay width from each mode with the total

Higgs decay width Γ. At leading order in perturbation theory, the partial decay width for the H → ττ process

is given by:

Γ(H → ττ) = g2
WmHm

2
τ

32πm2
W

(
1 − 4m2

τ

m2
H

) 3
2

. (2.42)

The most precise predictions for the branching ratios are obtained using the PROPHECY4F [45, 46] and

HDECAY [47] programs. Based on these calculations, the branching ratio for H → ττ is estimated to be [44]:

BR(H → ττ) = 0.0627 ± 0.0014, (2.43)
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2.4.2. Spin and CP properties

where the uncertainty includes theoretical uncertainties due to missing higher order corrections, and parametric

uncertainties.

2.4.2 Spin and CP properties

The SM predicts the Higgs boson to be a spin-0 particle with even parity. From the Landau-Yang theorem [48]

it is forbidden for a massive spin-1 particle to decay into two photons. Since the decay H → γγ has been

observed experimentally (mediated via loop diagrams involving W± bosons or heavy quarks), it follows that

the Higgs boson cannot be a spin-1 state.

Alternative spin and parity hypotheses have been tested by ATLAS, primarily using bosonic final states during

Run 1 [49]. The results, summarised in Figure 2.4, provide strong support for the SM prediction and exclude

several alternative scenarios at 99% confidence level. Among the excluded models is a pure CP-odd Higgs state.

However, no definitive conclusion could be drawn regarding a mixed CP state with a predominantly CP-even

component.

Studies of a potential CP-mixed Higgs boson state were initiated during Run 1 [50] and have been extended

with more comprehensive analyses in Run 2 [51–53]. To date, no significant indication of a CP-odd component

has been observed. However, the sensitivity of these measurements remains limited by statistical uncertainties,

and the possibility of a CP-mixed state is not yet fully excluded. This possibility is the subject of the central

analysis presented in this thesis and will be covered in the next section.
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2.4.2. Spin and CP properties

Figure 2.4: Distribution of the test statistic q̃ (Obtained from the profile likelihood ratio) for different spin and CP
hypotheses of the Higgs boson. Observed values is indicated in black. The SM expectation is shown in blue, while
alternative hypotheses are shown in red. Associated uncertainties are represented by corresponding error bands (±1σ,
±2σ, ±3σ). Results are from the ATLAS experiment with Run 1 data and combine measurements from the H → ZZ∗ →
4ℓ, H → WW ∗ → eνµν, and H → γγ decay channels [54].
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Chapter 3

CP Violation and Anomalous HVV Couplings

In 1932, Carl Anderson discovered particles identical in mass to electrons but with opposite electric charge [55].

This marked the first experimental evidence of antimatter, as predicted by the Dirac equation. Antimatter has

the same properties as matter, except for reversed additive quantum numbers. CP symmetry asserts that the

behaviour of a physical system remains unchanged when particles are replaced with their antiparticles (charge

conjugation, C) and the system is mirrored (parity, P). Furthermore, CP symmetry implies that any process

involving the creation or annihilation of matter must involve an equal amount of antimatter. This is in conflict

with the observation that the universe contains almost no antimatter.

The first and major project of this thesis is a search for CP violation in the coupling of the Higgs boson to vector

bosons, often referred to as the HV V couplings. The search is performed using the VBF Higgs production mode,

utilising Higgs decays to τ -lepton pairs. The Feynman diagram for this process is illustrated in Figure 3.1, with

the red circle indicating the HV V vertex.

q q

V
H

V

q q

τ

τ̄

Figure 3.1: Higgs VBF production with the red dot indicating the HV V vertex. The topology consists of two tagging
jets and the Higgs decay.

This chapter covers CP-violating processes within the SM, explores how additional CP-violating effects can arise
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3.1. CKM matrix and CP violation in the Standard Model

in theories beyond the SM, and outlines methods for testing CP invariance in a framework based on effective

field theory, with a specific focus on VBF Higgs production.

3.1 CKM matrix and CP violation in the Standard Model

In the SM, the only interaction known to violate CP symmetry is the in the weak interaction of quarks. The

first evidence of CP violation was discovered in 1964 through the decay of neutral kaons [56]. To account for

this phenomenon, the Cabibbo-Kobayashi-Maskawa (CKM) matrix was introduced [7, 8]. The CKM matrix

arises from the fact that the mass eigenstates of quarks do not align with the weak eigenstates, which govern

how quarks couple to the W± boson. This misalignment give rise a unitary 3 × 3 matrix, expressed as:

VCKM =


Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 , (3.1)

where the subscripts correspond to the different quark flavours. The CKM matrix describes the probability

of a transition from one quark flavour j to another quark flavour i through the exchange of a weak boson

W±. These transitions are proportional to |Vij |2. CP violation can be made manifest by choosing an explicit

parametrisation. The Wolfenstein parametrisation is an expansion of the CKM matrix in terms of λ = |Vus|

(approximately 0.22) that expresses the matrix using four mixing parameters: λ, A, ρ, and η. Neglecting higher

order terms proportional to λ4, this parametrisation gives:

VCKM =


1 − λ2

2 λ Aλ3(ρ− iη)

−λ 1 − λ2

2 Aλ2

Aλ3(1 − ρ− iη) −Aλ2 1

+ O
(
λ4) . (3.2)

For CP symmetry to be violated, it is necessary that Vij ̸= V ∗
ij , which requires the presence of a complex phase in

the CKM matrix. From the Wolfenstein parametrisation, this condition is satisfied if η ̸= 0. The parameters of

the matrix are experimentally accessible from flavour decays, with global fits performed by the CKMFitter [57]

and UTFit [58] collaborations. The current global fit results for the four mixing parameters [13] gives:

λ = 0.22501 ± 0.00068, A = 0.826+0.016
−0.015

ρ̄ = 0.1591 ± 0.0094, η̄ = 0.3523+0.0073
−0.0071,

(3.3)
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with ρ̄ = ρ
(
1 − λ2/2 + . . .

)
and η̄ = η

(
1 − λ2/2 + . . .

)
. From these measurements, the 9 CKM elements can be

explicitly written out, revealing the hierarchy of transition amplitudes for quarks in the SM [13]:

|VCKM| =


0.97435 ± 0.00016 0.22501 ± 0.00068 0.003732+0.000090

−0.000085

0.22487 ± 0.00068 0.97349 ± 0.00016 0.04183+0.0069
−0.000069

0.00858+0.0019
−0.00017 0.04111+0.00077

−0.00068 0.999118+0.00009
−0.000034.

 (3.4)

How the complex phase arise in the CKM matrix depends on the parametrisation. One can however define

a CP-violating quantity in VCKM that is independent of the parametrisation [59]. This quantity, called the

Jarlskog invariant, relates the amount CP violation directly to the elements of the CKM matrix, but can also

be written out in terms of the Wolfenstein mixing parameters:

J ≃ λ6A2η. (3.5)

CP violation requires J ̸= 0, which naturally follows from η ̸= 0. Current best measurement of the Jarlskog

invariant yields [13]:

J =
(
3.12+0.13

−0.12
)

× 10−5 (3.6)

These measurements show that CP violation is an intrinsic property of the SM that arise within the electroweak

quark sector. While analogous mechanisms exist in the neutrino sector, where CP violation can arise through

the mixing of neutrinos as described by the PMNS matrix [37, 38], such topics will not be covered in this thesis.

The only confirmed and established source of CP violation within the SM arises from the complex phase in

the CKM matrix. Consequently, its implications for baryogenesis have been studied extensively [3–5]. The

baryon asymmetry in the universe, usually expressed as the ratio of baryon to photon number densities, has

been measured through observations of the Cosmic Microwave Background (CMB) at the time of Big Bang

Nucleosynthesis (BBN) to be [60]:

nb − nb̄

nγ
≈ nb

nγ
= (6.10 ± 0.04) × 10−10. (3.7)

The necessary conditions for generating such an asymmetry were first formulated by Andrei Sakharov in 1967 [6],

who identified three key requirements: baryon number violation, C and CP violation, and a departure from

thermal equilibrium. While the SM satisfies these conditions in principle, its quantitative contributions fall far

short of explaining the observed asymmetry. The net baryon asymmetry produced within the SM is estimated

to be of order 10−20 [61], many orders of magnitude below the observed value, rendering the amount of CP

violation in the SM effectively negligible for baryogenesis.
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Following the discovery of the Higgs boson, its interactions with fermions and gauge bosons have been recognised

as possible sources of CP violation beyond those present in the SM. While a purely CP-odd Higgs state has been

excluded at the 99% confidence level, current experimental results still have not fully excluded the possibility of

a CP-mixed state dominated by a CP-even component. The observation of such a state would constitute direct

evidence of CP violation in the Higgs sector and point to physics beyond the the SM (BSM).

The following sections will therefore provide an overview of how CP-violating effects in the coupling between the

Higgs and gauge boson can be described within the framework of effective field theory. In addition, strategies

for probing such effects at the LHC will be discussed.

3.2 Effective Field Theories

BSM physics may introduce new particles that are too massive to be directly produced at the LHC. In such

cases, direct observation is not feasible, and the effects of these heavy particles must be studied indirectly.

Effective field theories (EFTs) provide a framework to describe the impact of heavy particles with mass M at

an energy scale Λ on observables at much lower energy scales E ≪ Λ. This approach allows physics at the

infrared (IR) scale to be described without requiring detailed knowledge of the full ultraviolet (UV) theory, as

enabled by the decoupling theorem [62].

The key advantage of EFTs is that they do not require knowledge of the field content of the UV theory, enabling

model-independent tests at lower energy scales. A well-known example of an EFT is Fermi’s theory of weak

interactions [63]. This framework describes charged-current processes of the weak interaction at energy scales

below the mass of the W boson. For instance, the β decay of a neutron, n → p+ e− + ν̄e, and the muon decay,

µ− → e− + ν̄e + νµ, can be effectively described as direct couplings with strength, GF (the Fermi coupling

constant), between four fermions. The four-fermion interaction for the muon decay is illustrated in Figure 3.2a.

µ−

νµ

ν̄e

e−

GF

a)

µ−

νµ

ν̄e

e−

W−

gW

gW

b)

Figure 3.2: Comparison of muon decay interactions: (a) Four-fermion interaction with an effective Fermi coupling GF .
(b) SM description via the exchange of a W− boson with weak coupling gW .
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3.2. Effective Field Theories

At low energies, this effective interaction provides an reliable approximation, successfully capturing the phe-

nomenology of weak decays without requiring the explicit presence of a mediator. However, this effective

description breaks down at energies approaching 80 GeV. At these energy scales, the exchanged particle in the

interaction, the W boson, must be explicitly included in the theory. The W boson, with a mass of mW ≈ 80.4

GeV, mediates the weak interaction as shown in Figure 3.2b. The relation between the Fermi coupling constant

GF and the weak coupling strength gW is given by:

GF =
√

2g2
W

8m2
W

. (3.8)

The same procedure can be applied to the entire SM, treating it as a low-energy effective theory in which

the effects of BSM physics are encoded in higher-dimensional operators. The Standard Model Effective Field

Theory (SMEFT) framework [64] extends the SM Lagrangian by including additional Lorentz-invariant oper-

ators constructed from SM fields. These operators capture the effects of new physics without requiring explicit

assumptions about the nature of the underlying theory.

Each operator has a dimensionless prefactor f , known as the Wilson coefficient, and is suppressed by a power

of the energy scale Λ, which represents the characteristic scale of new physics. This scale can be interpreted as

the mass scale where new particles and interactions, beyond those included in the EFT, become important and

need to be explicitly accounted for. The structure of an EFT Lagrangian can be expressed as:

LEFT = LSM +
∑

i

f5
i

Λ O5
i +

∑
i

f6
i

Λ2 O6
i + . . . (3.9)

The superscript of the operators Oi denotes their mass dimension. Since Lagrangians have a mass dimension

of 4, dimension-5 operators are suppressed by a factor of 1/Λ, dimension-6 operators by 1/Λ2, and so on. Λ

is typically assumed to be of order 1 TeV or higher, as current experimental results have not indicated the

presence of new particles below this scale.

The Wilson coefficients serve as the coupling constants in the EFT and are determined by the couplings and

masses of the full theory, analogous to how GF is defined in terms of gW and mW in the Fermi theory according

to Eq. 3.8. Measuring values for the Wilson coefficient that deviate from zero, would be a sign of new physics.

Any UV-complete BSM theory that reduces to the SM at low energies can be described within this framework.

Consequently, constraining the Wilson coefficients of the SMEFT operators imposes simultaneous constraints

on a wide range of potential UV-complete models.

In the SMEFT framework, the large number of possible higher-dimensional operators can make calculations

and interpretations challenging. Not all operators that can be constructed from the SM fields are permitted,

only combinations of fields that respect the SM symmetries can be consistently incorporated into the SMEFT
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Lagrangian. It is also common to organize the operators into well-defined bases. A basis is a complete,

non-redundant set of operators that can be used to express any possible effective interaction in the SMEFT

framework. Different bases provide alternative ways of organizing the same underlying physics, often tailored

to specific theoretical or experimental considerations, simplifying the study of BSM interactions.

At dimension-5, the only allowed operator is the Weinberg operator [65], which introduces Majorana neutrino

masses and violates lepton number. While this operator is important for understanding neutrino physics, it

is typically neglected in studies of Higgs physics. Operators of dimension greater than six are increasingly

suppressed by higher powers of Λ, making dimension-6 terms the primary focus of most SMEFT analyses.

The dimension-6 operators can be expressed in several bases, the most commonly used being the Warsaw [66],

HISZ [67], and SILH [68] bases. These bases are related through mappings derived from the equations of

motion [69]. In the context of CP violation and the studies presented in this thesis, results are interpreted

within both the HISZ and Warsaw basis.

3.2.1 HISZ basis

The HISZ basis [67], introduced by Hagiwara, Ishihara, Szalapski, and Zeppenfeld, is a restricted set of

dimension-6 operators that modify gauge boson couplings while respecting SU(2)L × U(1)Y symmetry. Al-

though it stems from the broader SMEFT, the HISZ basis focuses specifically on electroweak gauge boson

sector. One simplification is that the scope of the EFT used in this thesis is limited to CP-odd extensions of

HV V couplings. In this framework, the effective Lagrangian is the SM Lagrangian extended by CP-violating

operators of mass dimension-6. These operators are constructed from the Higgs doublet Φ and the U(1) and

SU(2) electroweak gauge fields Bµ and W j
µ (j = 1, 2, 3), respectively. CP-conserving dimension-6 operators

formed from these fields are not considered. All interactions between the Higgs boson and other SM particles

(fermions and gluons) are assumed to follow the predictions from the SM. The simplified EFT Lagangian can

be written as [64, 70]:

Leff = LSM + fB̃B

Λ2 OB̃B + fW̃ W

Λ2 OW̃ W + fB̃

Λ2 OB̄ . (3.10)

In terms of the SM fields the three dimension-6 operators are defined as:

OB̄B = Φ† ˆ̃BµνB̂
µνΦ, OW̄ W = Φ† ˆ̃WµνŴ

µνΦ, OB̄ = (DµΦ)† ˆ̃BµνDνΦ. (3.11)

Here, B̂µν = i g′

2 Bµν and Ŵµν = igW

2 σjW
j
µν with σj being the Pauli matrices. The last operator OB̃ contributes

to the CP-violating charged triple gauge couplings via the relation κ̃ = cot 2θW
κ
2 = − m2

W

Λ2 fγW ZB̃. CP-violating

charged triple gauge couplings have been constrained by the ALEPH [71] and OPAL [72] experiments. The

25
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contribution from OB̃ is therefore neglected in the following, and only contributions from OB̃B and OW̃ W are

taken into account. These two operators can be written in the in terms of the Higgs boson, photon and the Z

boson after electroweak symmetry breaking. Following the notation in Ref. [73] this gives:

Leff = LSM + g̃HAAHÃµνA
µν + g̃HAZHÃµvZ

µν + g̃HZZHZ̃µνZ
µν + g̃HW WHW̃+

µνW
µν
− . (3.12)

Only two out of the four couplings, gi, are independent due to constraints imposed by the U(1)Y × SU(2)L

invariance on the Lagrangian in Eq. 3.10. They can therefore be expressed in terms of two dimensionless

parameters, d̃ and d̃B :

g̃HAA = g

2mW
(d̃ sin2 θW + d̃B cos2 θW ) g̃HAZ = g

2mW
sin 2θW (d̃− d̃B) (3.13)

g̃HZZ = g

2mW
(d̃ cos2 θW + d̃B sin2 θW ) g̃HW W = g

mW
d̃ (3.14)

Relating the parameters d̃ and d̃B to the corresponding Wilson coefficients, yields the following expressions:

d̃ = −m2
W

Λ2 fW̃ W d̃B = −m2
W

Λ2 tan2 θW fB̃B , (3.15)

where d̃ and d̃B represent contributions from different vector bosons to the CP-odd HV V coupling. However,

in practice, the different electroweak gauge boson fusion processes cannot be distinguished experimentally.

Therefore, for simplicity, the assumption d̃ = d̃B is made. This yields the following relations:

g̃HAA = g̃HZZ = 1
2 g̃HW W = g

2mW
d̃ and g̃HAZ = 0, (3.16)

enabling the characterization of CP violation in the HV V vertex with a single parameter d̃. The matrix element

for the HV V interaction receives a CP-even contribution, MSM, from the SM and a CP-odd contribution,

MCP-odd, from the considered dimension-6 operators:

M = MSM + d̃ · MCP-odd. (3.17)

The cross-section is proportional to the squared matrix element which can be separated into three terms:

|M|2 = |MSM|2 + d̃ · 2 Re(M∗
SMMCP-odd) + d̃2 · |MCP-odd|2 . (3.18)

The first and third term are both CP-even and do not contribute to CP violation. The interference term

however, d̃ · 2 Re(M∗
SMMCP-odd), is CP-odd and results in CP violation in the HV V vertex. This term does

not contribute to the total cross-section, since it vanishes when integrated over a CP-symmetric phase space.

The third term leads to an increase in the cross-section quadratically in d̃. Although this term depends on d̃,

this features is not exploited in the analysis described in Chapter 8, since an increase in the total cross-section

with respect to the SM can also arise from additional CP-even contributions.
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3.2.2 Warsaw basis

The Warsaw basis [66] is the most widely used basis for dimension-6 operators and is the main basis used by

ATLAS for combination efforts. In total there are 59 gauge and Lorentz invariant operators in the Warsaw

basis, 6 of which are related to the HV V vertex: 3 being CP-even and 3 being CP-odd. The CP-odd operators

can be written in a similar way as in the HISZ basis:

LWarsaw ⊃ cHB̃

Λ2 OB̃B + cHW̃

Λ2 OW̃ W + cHW̃ B

Λ2 OB̄ . (3.19)

However, while in the HISZ basis certain assumptions are made by relating the coefficients of these operators,

in the Warsaw basis they are treated as separate and independent. Since VBF production is predominantly

mediated by the HWW vertex, analyses targeting this production mode are primarily sensitive to cHW̃ , with

significantly reduced sensitivity to c̃HB and cHW̃ B .

Similar to Eq. 3.18, the contributions of each operator to the squared matrix element can be separated into SM,

BSM and SM–BSM interference terms:

|M|2 = |MSM|2 + 2
∑

i

ci

Λ2 Re (M∗
SMMi) +

∑
i,j

cicj

Λ4 Re (M∗
i Mj) , (3.20)

where ci and cj are the Wilson coefficient for each of the considered Warsaw basis operators. Like in the HISZ

basis, only the interference term is CP-odd and probed in the analysis in Chapter 8. The SM and quadratic

BSM term are both CP-even and only contribute to the total cross section.

A conversion between the Warsaw basis and the HISZ basis is possible if certain conditions are satisfied. If the

Wilson coefficient cHW̃ B and fB̃ are both set to zero, and it is assumed that cHW̃ = cHB̃ , it is possible to show

that:

d̃ = v2

Λ2 cHW̃ = v2

Λ2 cHB̃ . (3.21)

These assumptions are equivalent to setting d̃ = d̃B in the HISZ basis. As a result, they do not permit

independent measurements of the corresponding Warsaw basis parameters, and is therefore not used in the

analysis in this thesis. Nevertheless, it provides a useful illustration of how the parametrisations in the two

bases scale relative to one another.

3.3 CP-odd observables and the Optimal Observable

Testing CP invariance involves selecting an observable that is sensitive to CP-mixing. If the initial state |i⟩ and

final state |f⟩ of a process |i⟩ → |f⟩ are eigenstates under the CP transformation with different eigenvalues, CP
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invariance is violated. Following the description in Ref. [74], an observable can be constructed such that:

O(CP |i⟩ → CP |f⟩) = ±O(|i⟩ → |f⟩), (3.22)

which is a CP-odd observable if it changes sign under CP transformation. If the initial state is an eigenstate

under CP and the underlying theory is CP-symmetric, the expectation value of a CP-odd observable will be 0.

Consequently, a symmetric distribution of O around zero implies CP conservation, with ⟨O⟩ = 0. In contrast,

any asymmetry, where ⟨O⟩ ≠ 0, provides evidence for CP violation [74].

It is worth noting that the initial qq′ state in VBF production is not a CP eigenstate [74, 75]. This prevents

the construction of genuinely CP-odd observables in the strict sense. Nonetheless, the initial state is invariant

under parity and under the so-called naive time-reversal (TN ) transformation [75, 76], defined as reversing the

momenta and spins of all particles without exchanging the initial and final states. As a result, one can construct

TN -odd observables to probe CP violation.

The distinction between a CP-odd and TN -odd observables only becomes important when considering particles

with masses below the EFT cutoff scale Λ that can lead to additional BSM contributions to the VBF process

through loop corrections. Such on-shell loop corrections are also referred to as rescattering. These contributions

can break the TN symmetry of the VBF transition amplitude, leading to a non-zero mean value of O, even

in the absence of CP violation. A significantly asymmetric O distribution would therefore indicate either CP

violation or rescattering, both of which are evidence for new physics. In this analysis, the considered observables

are treated as CP-odd under the assumption that rescattering effects are negligible, which is well motivated

given the lack of evidence for such phenomena.

Many CP-odd observables exist and they can be constructed from the VBF topology shown in Figure 3.1, where

the final state consist of two quarks that hadronise into two jets alongside the Higgs boson decay. The most

straightforward CP-odd observable is the signed azimuthal angle between the tagging two jets, ∆ϕsigned
jj [77],

defined as:

∆ϕsigned
jj = ϕj1 − ϕj2 , (3.23)

where j1 and j2 are the VBF tagging jets ordered such that ηj1 > ηj2 . The sensitivity of ∆ϕsigned
jj to CP violation

originates from the structure of the Higgs interactions in the VBF process. In the SM, these interactions lead

to a parity-symmetric angular distributions of the jets. However, in a CP-mixed scenario, where both CP-even

and CP-odd contributions interfere, P-violating effects induced by the CP-odd component alter the angular

distributions of the jets, breaking the symmetry of ∆ϕsigned
jj . This asymmetry manifests as a shift in the signed

angle distribution, resulting in ⟨∆ϕsigned
jj ⟩ ≠ 0.
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3.3.1. The Optimal Observable

The expression can also be expanded by incorporating information about the transverse momenta of the two

jets and taking the sine of ∆ϕsigned
jj . As shown in Ref. [78] the following observable can be defined:

O = pj1
T pj2

T sin
(
∆ϕsigned

jj

)
, (3.24)

which in addition to the signed azimuthal angle also effectively captures the cross-product nature of the two

jets.

Distributions for the two angular observables can be seen in Figure 3.3, showing simulated VBF H → ττ events

for the SM (d̃ = 0) and two CP-violating scenarios with d̃ = 0.1 and d̃ = −0.02. The SM distribution is

symmetric, whereas the BSM distributions are shifted to the right and left for positive and negative values of

d̃, respectively. The degree of CP violation is related to the amount asymmetry which is directly proportional

to the magnitude of d̃ defined in Eq. 3.15.
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Figure 3.3: Simulated distributions for ∆ϕsigned
jj (left) and pj1

T pj2
T sin

(
∆ϕsigned

jj

)
(right) in VBF H → ττ showing the SM

case (black) and two CP-violating scenarios with d̃ = 0.1 (red) and d̃ = −0.02 (blue).

3.3.1 The Optimal Observable

The interference term in Eq. 3.18 can be used to construct a CP-odd observable, known as the Optimal Observ-

able (OO) [79–81]. It is defined as the ratio of the interference term between the BSM and SM matrix elements

to the squared SM matrix element:

OO = 2 Re (M∗
SMMCP−odd)

|MSM|2
. (3.25)

This CP-odd observable characterizes the full phase space of the VBF final state, condensing high-dimensional

information into a single quantity. It was demonstrated in Run 1 to have the highest sensitivity to d̃, compared

to ∆ϕsigned
jj [50]. This is also demonstrated in Chapter 8.
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3.3.1. The Optimal Observable

Simulated distributions of the Optimal Observable are shown in Figure 3.4 for the SM (d̃ = 0) and two CP-

violating scenarios with d̃ = 0.1 and d̃ = −0.02. As with other CP-odd observables, the SM distribution is

symmetric with ⟨OO⟩ = 0, while the presence of CP violation shifts the distribution toward negative or positive

values, depending on the sign and magnitude of d̃.
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Figure 3.4: Simulated distributions for the Optimal Observable in V BF → ττ showing the SM case (black) and two
CP-violating scenarios with d̃ = 0.1 (red) and d̃ = −0.02 (blue).

The matrix elements are computed at leading order using HAWK [82–84], requiring the four-momentum of the

Higgs boson and the two tagging jets. The momentum fractions of the initial-state partons are determined via

energy-momentum conservation:

xreco
1/2 = MHjj√

s
e±yHjj , (3.26)

where x1 (x2) is the momentum fraction of the parton travelling in the positive (negative) z-direction. MHjj

and yHjj denote the mass and rapidity of the final state, obtained from the vectorial sum of the tagging jets

and the Higgs boson four-momentum.

Since the four-momentum of the Higgs decay products is needed for the computation of the Optimal Observable,

any analysis that can reliably reconstruct the Higgs boson can also apply this method. In this thesis, the analysis

is performed in the H → ττ channel, where the Higgs four-momentum is reconstructed using the Missing Mass

Calculator [85].
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3.3.1. The Optimal Observable

The matrix element calculation depends on the flavour of the incoming and outgoing partons, which cannot

be determined experimentally. Instead, the matrix elements for all possible parton-flavour combinations are

computed and summed, weighted by the corresponding CT10 [86] parton distribution function values for the

initial-state partons.

The Optimal Observable is an established observable for probing CP violation in gauge boson interactions and

has been used across a wide range of analyses [49–53, 87, 88]. More recently, in the context of VBF Higgs

production and HV V couplings, ATLAS has performed measurements using the Optimal Observable in three

Higgs final states during Run 2. The ∆NLL curve for these measurements can be seen in Figure 3.5.

The partial Run H → ττ [51] analysis interpreted results only in terms of d̃ in the HISZ basis, while both the

H → γγ [53] and H → ZZ → 4ℓ [52] full Run 2 analyses provided additional interpretations in the Warsaw

basis. The analysis described in Chapter 8 is an enhancement of the partial Run 2 study with the full Run 2

dataset, placing constraints on parameters in both the HISZ and Warsaw bases through maximum likelihood

fits to the shape of the Optimal Observable. An additional check is also performed to evaluate the sensitivity

of the Optimal Observable with respect to the angular observables.
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3.3.1. The Optimal Observable

a) H → ττ b) H → γγ

c) H → ZZ → 4ℓ

Figure 3.5: Constraints on d̃ from the partial Run 2 (36.1 fb−1) H → ττ analysis [51] (top left), the full Run 2 (140.1
fb−1) H → γγ analysis [53] (top right) and H → ZZ → 4ℓ analysis [52] (bottom). The middle plot also shows a
comparison of the partial Run 2 H → ττ (red) and the H → γγ (blue) analyses. All three results are obtained by
maximum likelihood fits to the Optimal Observable.
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Chapter 4

Dark matter

Observations of the motions of stars and galaxies in the early twentieth century suggested the presence of

gravitational effects that could not be attributed to visible matter alone. These findings led to the formulation

of the concept of dark matter (DM): a form of matter that interacts gravitationally, but not electromagnetically,

and is therefore invisible to direct observation. The nature of DM is not explained by the SM and remains a

mystery. As such, DM candidates are a central focus in many BSM theories. This chapter outlines the most

compelling and well-known evidence for DM, followed by a discussion of a particular class of theoretical particle

candidates and the detection techniques employed to search for them at the LHC.

4.1 Evidence for dark matter

The first evidence for DM was proposed by Fritz Zwicky in 1933 [89, 90], who observed that the velocities of

galaxies within the Coma cluster were significantly higher than what would be expected based on the visible

mass alone. This implied the presence of additional source non-visible matter required to gravitationally bind

the cluster. Decades later, this conclusion was further supported by the work of Vera Rubin and collaborators

in the 1970s [39, 91], through their measurements of galactic rotation curves. Their results demonstrated that

the rotational velocities of stars remained constant at large radii from galactic centres, a behaviour that cannot

be explained by the distribution of visible matter alone. The stellar rotation curve for the NGC 3198 galaxy [92]

is shown in Figure 4.1. In galaxies, most of the visible matter is clustered in the centre. Assuming Newtonian

mechanics the velocity of a stellar object at distance r from the centre should have the following velocity profile:

v =
√
GNM(r)

r
, (4.1)
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4.1. Evidence for dark matter

where GN is the gravitational constant, and M(r) = 4π
∫
ρ(r)r2dr is the total mass within a sphere of radius

r from the galactic centre. The mass density, ρ(r), of visible matter decreases with increasing distance from

the centre, and as a result, M(r) tends towards a constant value at large radii. Consequently, the expected

rotational velocity is predicted to decrease with distance by 1/
√
r, what is referred to as the "disk" in Figure 4.1.

It can be seen that this velocity curve does model the data very well at small radius, but deviates largely as

one moves further from the galactic centre. This deviation can be explained if there is a halo of DM around the

galactic centre.

Figure 4.1: Rotation curve of NGC 3198, illustrating the agreement between observational data and the combined model
fit, which includes the velocity distribution of visible matter (the "disk") and dark matter (the "halo") [92].

While a model that incorporates a DM halo can explain the stellar velocity distributions of galaxies, it is not the

only possible explanation. Alternative models, which do not require the introduction of new forms of matter,

include various modified theories of gravity [93]. These models achieve some success when describing stellar

rotation curves in galaxies, but fail in explaining other compelling DM evidence coming from galaxy clusters.

Figure 4.2 shows a composite image of the galaxy cluster 1E 0657-556, also known as the Bullet Cluster. This

cluster was formed after the collision of two large clusters of galaxies, and the image is constructed by overlaying

X-ray observations of hot gas (pink) from the Chandra X-ray Observatory [40] with optical images of galaxies

(orange and white) from the Magellan [94] and Hubble [94] telescopes. Gravitational lensing, where the light

from distant background galaxies is bent according to the gravitational potential of the cluster, is used to infer

the mass distribution (blue). The image shows that during the collision, the gaseous (visible) matter of the

two clusters interacts and slows down due to friction. However, the majority of the mass in the clusters passes

through without interacting. This behaviour is consistent with the expected properties of DM, which interacts

gravitationally but does not significantly interact with itself or with baryonic matter.
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4.2. Weakly Interacting Massive Particles (WIMPs)

Figure 4.2: Observation from the Chandra X-ray Observatory showing the Bullet cluster. The pink region corresponds to
hot gas observed with X−rays. The total matter distribution inferred by gravitational lensing is highlighted in blue [40].

The Standard Model of cosmology (ΛCDM) also relies on the existence of DM in order to account for the

uniformity of the photons in the CMB [95]. The ΛCDM model can be parametrised in terms of the energy

densities of different components of the universe, namely Ωb, ΩDM , and ΩΛ, which correspond to baryonic

matter, dark matter, and dark energy, respectively. These parameters are constrained by measurements of

temperature fluctuations in the CMB. Observations from the WMAP [9] and Planck [10] experiments when

fitted to the ΛCDM model, indicate that less than 5% of the total energy content of the universe consists of

baryonic matter as described by the SM, with approximately 27% attributed to DM and the remaining 69% to

dark energy.

4.2 Weakly Interacting Massive Particles (WIMPs)

As discussed in the previous section, there is strong experimental evidence in favour of the existence of DM

through its gravitational influence. However, these observations do not provide any insight into the underlying

nature of DM. One hypothetical class of DM candidates are so-called Weakly Interacting Massive Particles

(WIMPs) [96], denoted by χ. These are hypothetical BSM particles whose motivation arises from a paradigm

known as the WIMP miracle [97]. That is, if the temperature in the early universe was sufficiently high, WIMPs

could have been in thermal equilibrium with SM particles through annihilation and pair-production processes

of the form χχ ↔ SM. The corresponding DM annihilation rate can then be given as:

Γann = nχ⟨σ(χχ → SM)vχ⟩, (4.2)
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4.2. Weakly Interacting Massive Particles (WIMPs)

where nχ is the WIMP number density, σ is the annihilation cross section, vχ is the relative velocity between

WIMPs, and the angle brackets ⟨· · · ⟩ denote thermal averaging.

Figure 4.3: DM abundance as a function of the ratio between WIMP mass and temperature, mχ/T . Decreasing tem-
perature reflects the direction of time. The solid and dashed lines correspond to the WIMP abundance before and after
freeze-out, respectively, where the abundance is deceasing with increasing annihilation cross section [98].

As the universe expanded and cooled, the WIMP number density decreased exponentially, making interactions

increasingly rare as the average separation between WIMPs grew. Eventually, the annihilation rate Γann dropped

below the Hubble expansion rate H, and WIMPs fell out of thermal equilibrium. From this point onward, their

number density remained essentially constant, fixing the DM abundance as illustrated in Figure 4.3. By applying

the freeze-out condition Γann < H to Eq. 4.2, one can estimate the present-day DM abundance, known as the

relic abundance. Measurements from WMAP [9] yield:

Ωch
2 = 0.1131 ± 0.0034, (4.3)

while theoretical predictions from the freeze-out scenario give [99]:

Ωch
2 ≈ 3 × 10−27 cm3s−1

⟨σannvχ⟩
. (4.4)

This expression reproduces the observed relic density if the thermally averaged annihilation cross section satisfies

⟨σannv⟩ ≈ 3 × 10−26 cm3s−1, which can be achieved for a DM particle with mass near the electroweak scale

that couples to SM particles with a strength of the order of the weak interaction. Consequently, WIMPs could

potentially be produced and studied at the LHC experiments.
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Its is however important to note that WIMPs represent only one among several theoretically well-motivated DM

scenarios [96]. Alternatives include axions [100], sterile neutrinos [101] and feebly interacting massive particles

(FIMPs) [102]. In this thesis, however, the DM candidate is assumed to be of WIMP nature, following the

thermal freeze-out paradigm.

4.3 DM Detection Techniques

If DM particles interact with SM particles, it might be possible to produce and study them within a laboratory

setting. Figure 4.4 presents a schematic diagram illustrating the three principal approaches to DM detection.

Figure 4.4: Schematic diagram illustrating potential interactions between the dark and SM sector and corresponding
detection techniques [103] .

Indirect detection: Interpreting the time axis from left to right corresponds to DM annihilation into

SM particles. Such processes are anticipated in regions with high DM density, like the Galactic Centre or

dwarf spheroidal galaxies. These scenarios are explored through indirect detection methods, which search

for excesses in cosmic rays, gamma rays, or neutrinos resulting from DM annihilation or decay [104].

Direct detection: Viewing the diagram with the time axis oriented vertically represents a scattering

process, where DM particles interact with SM particles, similar to neutrino-nucleus scattering. These

interactions are the focus of direct detection experiments, which aim to observe the recoil of nuclei resulting

from collisions with DM particles. These experiments are conducted in deep underground laboratories to

shield against cosmic ray backgrounds [104].

Colliders: Interpreting the time axis from right to left corresponds to the production of DM particles

from SM particle collisions, a process investigated through collider searches. High-energy colliders, like
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4.3. DM Detection Techniques

the LHC, could produce DM particles if kinematically accessible. This category of DM detection is the

focus in this thesis.

Figure 4.5: Feynman diagrams depicting DM production in association with initial state radiation (ISR) of a gluon,
photon, Z, W , or Higgs boson.

Figure 4.4 provides a conceptual overview of DM interactions but does not detail the detection strategies

employed in collider experiments. Since particle detectors primarily rely on electromagnetic interactions, DM

particles themselves are invisible to the detector. However, if DM production is accompanied by a visible

SM particle, such as a jet or photon from initial-state radiation (ISR), the event can be identified through a

characteristic imbalance in transverse momentum associated with the visible SM final state. This leads to so-

called mono-X signatures, where X denotes the associated SM particle [105]. Representative Feynman diagrams

illustrating potential mono-X production mechanisms are shown in Figure 4.5.

Among these, the mono-Higgs signature, where DM is produced in association with a Higgs boson, offers a

unique probe. Unlike other mono-X signatures, the Higgs boson is less likely to be emitted as ISR due to its

substantial mass and coupling structure. Consequently, mono-Higgs signatures can arise from direct interactions

between the Higgs boson and the DM sector, providing insights into the nature of the mediator and the coupling

mechanisms [106].

In this thesis, the focus is placed on the mono-Higgs signature. To realise this signature, extensions of the Higgs

sector are considered. One such extension is the Two-Higgs-Doublet Model with an additional pseudoscalar

mediator (2HDM+a), which is discussed in detail in Section 4.5. This model provides a theoretical framework

that enhances the mono-Higgs production rate, thereby making it a promising channel for DM searches at the

LHC.
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4.4 Effective Field Theories and simplified models

Chapter 3 discussed how EFTs can be used to describe new physics in a model-independent way, without

specifying the high-energy degrees of freedom. In principle, the interactions illustrated in Figure 4.5 can be

described by contact operators within an EFT framework. However, the validity of this approach in the context

of LHC searches for DM has been critically re-evaluated, particularly since the end of Run 1 [107].

EFTs assume that the mediator particles responsible for interactions between the SM and DM sectors are

much heavier than the energies probed at the collider, allowing their effects to be encoded in higher-dimensional

operators suppressed by the cutoff scale Λ. This approximation is valid when the momentum transfer Q involved

in the process satisfies Q ≪ Λ. However, if the mediator mass lies within the kinematic reach of the LHC, it

may be produced on-shell, in which case the EFT description becomes invalid. In such scenarios, EFTs fail to

reproduce the correct kinematic distributions and can significantly overestimate event rates, leading to overly

strong and potentially misleading constraints on the DM parameter space.

This limitation, however, does not apply in the same way to EFTs used for describing anomalous couplings, such

as those discussed in Chapter 3 to probe CP violation. In such cases, the EFT framework remains valid because

the new physics effects are assumed to arise from integrating out heavy degrees of freedom at scales well above

the energies probed at the LHC. The EFT is then used as a controlled expansion in higher-dimensional operators

to describe subtle deviations from the SM, rather than a description of new on-shell particle production.

An alternative to EFTs is provided by simplified models. Simplified models are constructed to include the

minimal set of particles and couplings necessary to capture the relevant collider phenomenology. Unlike EFTs,

which integrate out all heavy states and describe interactions via higher-dimensional operators, simplified models

can be interpreted as the low-energy limit of more complete theories, in which only the lightest degrees of freedom

in the dark sector are retained. Typically, such models consist of one stable DM candidate and one mediator,

often allowing for a full description of the process using tree-level Feynman diagrams.

A detailed overview of simplified models used in LHC Run 2 searches can be found in [108]. In this thesis, the

focus is placed on a particular class of simplified models in which the mediator arises from an extended Higgs

sector incorporating an additional spin-0 particle. This framework enables resonant production mechanisms

and distinctive final-state signatures, such as the mono-Higgs topology discussed previously.
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4.5 The Two-Higgs-Doublet-Model and 2HDM+a

A minimal extension of the Higgs sector, as introduced in Section 2.2.4, is the Two-Higgs-Doublet Model

(2HDM), in which the SM is extended to include a second scalar doublet. The following provides a brief

overview of this framework. For a comprehensive review, see Ref. [109]. The model introduces two complex

SU(2)L doublets, Φ1 and Φ2:

Φ1 =

ϕ+
1 ,

ϕ0
1

 Φ2 =

ϕ+
2

ϕ0
2

 . (4.5)

After electroweak symmetry breaking, the neutral components of both doublets acquire vacuum expectation

values, denoted v1 and v2:

Φ1 =

 ϕ+
1

(h1 + v1 + iη1)/
√

2

 , Φ2 =

 ϕ+
2

(h2 + v2 + iη2)/
√

2

 . (4.6)

The two vacuum expectation values are related to the the vev from the SM Higgs sector by the following

relation [109]:

v =
√
v2

1 + v2
2 ≈ 246.22 GeV (4.7)

The scalar content includes eight real fields: two charged scalars ϕ±
1 , ϕ±

2 , two CP-even neutral scalars h1, h2,

and two CP-odd pseudoscalars η1, η2. After symmetry breaking, three degrees of freedom are absorbed by the

W± and Z bosons, leaving five physical Higgs bosons[110]:

H± = − sin β ϕ±
1 + cosβ ϕ±

2 , A0 = − sin β η1 + cosβ η2 (4.8)

h0 = − sinαh1 + cosαh2, H0 = cosαh1 + sinαh2 (4.9)

The fields in Eq. 4.8 correspond to the CP-odd mass eigenstates: H± are charged scalars, and A0 is a neutral

pseudoscalar. The fields in Eq. 4.9 correspond to the CP-even mass eigenstates, with h0 and H0 both being

electrically neutral scalar fields.

The mixing angle β is defined in terms of the vacuum expectation values of the two Higgs doublets:

tan β = v2
v1
. (4.10)
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In the so-called alignment limit, where the lighter scalar h0 is identified with the observed SM Higgs boson, the

mixing angles satisfy the relation:

α = β − π

2 . (4.11)

There are multiple ways to construct the Yukawa sector in the 2HDM Model, depending on how the fermions

couple to the two scalar doublets. In this thesis, a Type-II 2HDM [111] is considered, in which the doublet

Φ1 couples to down-type quarks and charged leptons, while Φ2 couples to up-type quarks. The corresponding

Yukawa interaction Lagrangian is given by:

LY = −
(
Q̄YuΦ̃2uR + Q̄YdΦ1dR + L̄YℓΦ1ℓR + h.c.

)
, (4.12)

where Yf are the Yukawa matrices acting on the three fermion generations f . The fields Q and L denote the

left-handed quark and lepton doublets, while uR, dR, and ℓR represent the corresponding right-handed fermion

singlets. The field Φ̃2 is the charge-conjugate of Φ2.

To obtain the 2HDM+a model, an additional pseudoscalar singlet field P is introduced. This field mediates

interactions between the Higgs sector and a DM candidate χ. Following Ref. [11], the only renormalizable

coupling between the pseudoscalar P and the dark Dirac fermion χ is given by:

Lχ = −iyχP χ̄γ5χ, (4.13)

where yχ denotes the coupling strength. The scalar potential is extended and can be written as the sum of

three components: the potential for the Higgs doublets, the interaction terms between the doublets and the

pseudoscalar singlet, and the self-interaction of the pseudoscalar singlet:

V = VΦ + VΦP + VP . (4.14)

These terms are explicitly given as [11]:

VΦ = µ1Φ†
1Φ1 + µ2Φ†

2Φ2 +
(
µ3Φ†

1Φ2 + h.c.
)

+ λ1(Φ†
1Φ1)2 + λ2(Φ†

2Φ2)2

+ λ3(Φ†
1Φ1)(Φ†

2Φ2) + λ4(Φ†
1Φ2)(Φ†

2Φ1) +
[
λ5(Φ†

1Φ2)2 + h.c.
]
,

(4.15)

VΦP = P
(
ibP Φ†

1Φ2 + h.c.
)

+ P 2
(
λP 1Φ†

1Φ1 + λP 2Φ†
2Φ2

)
, (4.16)

VP = 1
2M

2
PP

2. (4.17)

The parameters bP and µi have dimension mass and mass squared, while the λi and λP i are dimensionless

quartic couplings. The parameter bP determines the strength of the trilinear portal interaction between the
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pseudoscalar singlet and the Higgs doublets. After electroweak symmetry breaking, and upon rotation to the

physical mass basis, the parameters MP , µ1, µ2, µ3, bP , λ1, λ2, λ4, and λ5 can be re-expressed in terms of the

physical masses, mixing angles, vacuum expectation values, and interaction strengths of the physical fields.

In addition to the physical mass eigenstates H±, h0, and H0 from Eq. 4.8 and 4.9, the rotation to the mass basis

also yields two pseudoscalar mass eigenstates, denoted a and A. These arise from the mixing of the CP-odd

pseudoscalar A0 from the Higgs sector and a singlet pseudoscalar P , with mixing angle θ:

A = cos θ A0 + sin θ P,

a = cos θ P − sin θ A0.

(4.18)

These two pseudoscalar fields provide the connection between the dark sector and the extended Higgs sector.

The couplings of a and A to SM fermions are obtained analogously to the Yukawa interactions defined in

Eq. 4.12.

The physics of the 2HDM+a simplified model is therefore characterised by the mixing angles β, α, and θ, the

vacuum expectation value v, the quartic couplings λ3, λP 1, and λP 2, the DM coupling yχ, and the masses mh,

mH , mH± , mA, ma, and mχ.

The values of several of these parameters are constrained by electroweak precision measurements, flavour physics,

and theoretical considerations such as the requirement of vacuum stability [11, 112]. Additional parameter

choices are motivated by the desire to simplify the model phenomenology and reduce the dimensionality of the

parameter space to be probed by experimental searches. A summary of the parameter settings used for the

benchmark scenarios studied in this thesis is presented below. A more detailed discussion of the 2HDM+a

benchmarks recommended by the LHC Dark Matter Working Group can be found in Ref. [112].

The DM coupling is fixed to gχ = 1, which has negligible impact on the shapes of the kinematic distributions

of interest. The alignment and decoupling limits are assumed, corresponding to mh = 125 GeV, v = 246 GeV,

and cos(β − α) = 0. The quartic coupling value λ3 = 3 is chosen to ensure the stability of the Higgs potential

for the selected values of the heavy Higgs boson masses. These are fixed to a common value, such that mA =

mH = mH± . The relation mH = mH± is imposed to satisfy electroweak precision measurements [11], while

the additional condition mA = mH is chosen to reduce the number of free parameters [112]. The other quartic

couplings, λP 1 and λP 2, are also set to 3 to maximise the trilinear interactions between the CP-even and CP-odd

neutral states. After these assumptions, five free parameters remain in the model:

• The common mass of the heavy Higgs bosons: mA = mH = mH±

• The mass of the pseudoscalar mediator: ma
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• The mass of the DM fermion: mχ

• The sine of the mixing angle between a and A: sin θ

• The ratio of the vevs of the two Higgs doublets: tan β

Constraints on the model are evaluated in ATLAS using two-dimensional parameter grids [113], where two of

the free parameters are varied while the remaining ones are held fixed. The analysis presented in this thesis

considers two such grids. One is the mA −ma grid and another is the mA −tan β grid, with all other parameters

set according to the benchmark configurations listed in Table 4.1. Notably, setting mχ = 10 GeV ensures a

sizeable branching ratio for the decay a → χχ for ma > 100 GeV. Studies in Ref. [113] show that, provided

mχ < ma/2, the choice of mχ has a negligible impact on the sensitivity of 2HDM+a searches and can reproduce

the observed relic density in Eq. 4.3, assuming the WIMP freeze-out paradigm.

Common parameters
mH = mA = mH± Heavy Higgs boson masses
mχ = 10 GeV DM mass
cos(β − α) = 0 Alignment limit
yχ = 1 DM coupling strength
λ1 = λP 1 = λP 2 = 3 Quartic coupling parameters
v = 246 GeV Electroweak vacuum expectation value

mA − ma parameter scan
tan β = 1.0 Ratio of the vacuum expectation values of the two Higgs doublets
sin θ = 0.35 Mixing angle between the pseudoscalar states A and a

mA − tan β parameter scan
ma = 250 GeV Pseudoscalar mediator mass
sin θ = 0.7 Mixing angle between the pseudoscalar states A and a

Table 4.1: Parameter configurations used in the 2HDM+a benchmark scenarios. The top section lists model parameters
common to both scenarios. The lower sections define the settings for the two parameter scans explored in the analysis
presented in this thesis.

The 2HDM+a model gives rise to a variety of mono-X signatures. One such signature occurs when the pseudo-

scalar mediator a is resonantly produced in association with a SM particle X, followed by the decay a → χχ,

resulting in Emiss
T .

Several processes can lead to this to topology, including h + Emiss
T , Z + Emiss

T , and tW + Emiss
T final states.

Representative Feynman diagrams for these channels are shown in Figure 4.6. In the mono-Higgs topology,

shown in the top-left diagram, the heavy pseudoscalar A can be produced on-shell if the mass condition MA >

ma+mh is satisfied. This enables resonant mono-Higgs production, which typically dominates over non-resonant

contributions such as the box diagram on the top right. Similar resonant behaviour can occur in the Z +Emiss
T
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Figure 4.6: Feynman diagrams giving rise to h+Emiss
T (top row), Z +Emiss

T (second row), and tW +Emiss
T (bottom row)

signals via ggF production in the 2HDM+a model.

and tW + Emiss
T channels when the mass of the corresponding heavy Higgs boson (H or H±) exceeds the sum

of ma and the mass of the associated gauge boson.

For the mono-Higgs process, the resonant peak in the Emiss
T distribution can be approximated by [112]:

Emiss
T,max = 1

2mA

√
(m2

A −m2
h −m2

a)2 − 4m2
hm

2
a. (4.19)

Using the benchmark parameters defined in Table 4.1, Figure 4.7 shows the expected Emiss
T distributions for

different values of mA and ma for tan β = 1 and sin θ = 0.35. Following from Eq. 4.19, increasing mA shifts the

peak of the distribution to higher Emiss
T values, while increasing ma shifts the peak to lower values. For large

mass splitting, an additional tail at low Emiss
T can be observed. This feature arises from interference between the

two mono-Higgs diagrams shown in Figure 4.6, where the box diagram contributes predominantly in low-Emiss
T

region.

Scans of the 2HDM+a parameter space have been performed by both ATLAS [113] and CMS [114, 115] in

multiple final states. In ATLAS the sensitivity to the model is mainly driven by the Emiss
T + h(bb̄) mono-Higgs

search [116] and the Emiss
T + Z(ℓℓ) mono-Z search [117]. The exclusion contours in the mA − ma parameter

space from both analyses is shown in Figure 4.8. The model parameters are set according to corresponding the

benchmark scenario in Table 4.1. Additionally, the exclusion contour from the Emiss
T + Z(ℓℓ) analysis in the
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Figure 4.7: Normalised distributions for the mono-Higgs signal in the 2HDM+a model. The left panel shows the effect
of varying mA with fixed ma = 200 GeV, while the right panel shows the effect of varying ma with fixed mA = 700 GeV.
The distributions correspond to the benchmark parameters for the mA −ma scan defined in Table 4.1 [112].

mA−tan β parameter space is shown in Figure 4.9. This search was not included in the Emiss
T +h(bb̄) publication,

but results from this channel was provided later for the ATLAS statistical combination and summary paper

and will be discussed when comparing the results to the analysis considered in this thesis.

a) Emiss
T + h(bb̄) b) Emiss

T + Z(ℓℓ)

Figure 4.8: Observed (solid line) and expected (dashed lines) exclusion limits for the 2HDM+a model at 95% CL in the
mA −ma plane from the Emiss

T +h(bb̄) [116] (left) and Emiss
T +Z(ℓℓ) [117] (right) ATLAS searches. All points within the

observed region are excluded at 95% confidence level. The dashed grey regions indicate the region where the width any
Higgs bosons exceed 20% of its mass.

Both these analyses exclude large regions of the mA −ma parameter space, with some overlap. The Emiss
T +h(bb̄)

exclude masses between mA = 400 GeV and mA = 1500 GeV with ma excluded for masses up to 500 GeV

depending on the region. At high values of mA, the widths of the additional Higgs bosons increase substantially,
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a) Emiss
T + Z(ℓℓ)

Figure 4.9: Observed (solid line) and expected (dashed lines) exclusion limits for the 2HDM+a model at 95% CL in the
mA − tan β plane from the Emiss

T +Z(ℓℓ) [117] ATLAS search. All points within the observed region are excluded at 95%
confidence level. The dashed grey regions indicate the region where the width any Higgs bosons exceed 20% of its mass.

and the theoretical predictions become subject to additional uncertainties associated with the treatment of the

particle widths. As a result, exclusion limits are not shown in the region of large widths (mA > 2200 GeV).

The Emiss
T + Z(ℓℓ) provide similar sensitivity in the mA − ma parameter space, and exclude scenarios with

mA ∈ [400, 1800] GeV at high and low tan β in the mA − tan β parameter space. At large values of tan β

(tan β ≥ 10) ggF production is heavily suppressed, with the main contribution coming from bb̄ production.

For small values (tan β ≤ 1) on the other hand , bb̄ production is heavily suppressed, with ggF becoming the

dominant production mode. In the intermediate region (tan β ∈ [1, 10]), both production modes contribute with

smaller cross sections, leading to the sensitivity drop in this part of the parameter space.

The analysis considered in this thesis is the same search in the Emiss
T + h(ττ) final state. This analysis also

targets the mono-Higgs signature, although the branching ratio for h → ττ is significantly smaller than for

h → bb̄, making it challenging to achieve competitive sensitivity. This constitutes the first ATLAS search in the

Emiss
T + h(ττ) topology. The analysis strategy, as well as measurements and limits on the 2HDM+a model will

be covered in Chapter 9.

46



Part II

Experiment
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Chapter 5

LHC and ATLAS

This chapter provides an overview of the experimental setup used to collect the data analysed in this thesis.

At the heart of this setup is the Large Hadron Collider (LHC), the world’s most powerful high-energy particle

accelerator, located at CERN near Geneva. Proton–proton collisions produced by the LHC are studied using

general-purpose detectors designed to reconstruct the final-state particles emerging from these interactions. The

analyses presented in this thesis are based on data recorded by the ATLAS detector. The design and function

of both the LHC and the ATLAS detector will be described in the following. In addition, the simulation chain

used to generate theoretical predictions at the LHC will be discussed.

5.1 The Large Hadron Collider

In the early 2000s, high-energy physics underwent a major shift. CERN’s primary facility at the time, the Large

Electron–Positron (LEP) Collider [118], was decommissioned in November 2000 after eleven years of operation.

Designed to probe the electroweak scale, LEP operated at centre-of-mass energies ranging from 91 GeV (at the

Z-pole) up to 209 GeV. It remains the most powerful electron–positron collider ever constructed. LEP enabled

precision studies of the electroweak interaction, including strong experimental confirmation of the existence of

exactly three light neutrino generations, based on measurements of the invisible decay width of the Z boson.

Towards the end of its operation, LEP also began to search for the Higgs boson. The dominant production

mechanism at LEP was Higgsstrahlung (e+e− → HZ), which becomes kinematically accessible only when

the centre-of-mass energy exceeds the sum of the Higgs and Z boson masses. With a kinematic threshold of

approximately 215 GeV, LEP fell just short of being able to fully explore this process. Nevertheless, results

from the ALEPH experiment [119] indicated a modest excess compatible with a Higgs boson mass near 114

GeV. However, a conclusive discovery required access to significantly higher energies.
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Figure 5.1: Overview of LHC operation periods and the planned schedule for the High-Luminosity LHC (HL-LHC)
upgrade. Run 1 spanned 2010–2013, followed by Run 2 from 2015–2018. The ongoing Run 3 is expected to continue until
2026. A major upgrade is planned during Long Shutdown 3, after which the HL-LHC is scheduled to begin operation in
2030, with data-taking projected into the 2040s [123].

The machine that followed was the LHC [120, 121], approved by the CERN Council in December 1994. It

was designed to reuse the existing LEP tunnel and infrastructure. Following LEP’s decommissioning in 2000,

installation of the LHC components began, leading to first beam injection in September 2008. After an initial

technical incident delayed operations, the LHC achieved its first proton–proton collisions at a centre-of-mass

energy of 7 TeV in March 2010. This marked the start of Run 1, which continued until early 2013 and culminated

in the announcement of the Higgs boson discovery by the ATLAS and CMS experiments in July 2012 [1, 2].

Since then, the LHC has produced more than 8 million Higgs bosons [122] and continues to be a major discovery

machine in particle physics. Its second operational period, Run 2, took place between 2015 and 2018 at a

centre-of-mass energy of 13 TeV. This dataset forms the basis of the analysis presented in this thesis. After

a long shutdown for significant upgrades to the accelerator and experiments, Run 3 began in July 2022, with

proton–proton collisions still ongoing and expected to continue until the end of 2026.

Looking ahead, the next phase of the LHC’s programme will focus not on increasing energy but on significantly

increasing luminosity. The High-Luminosity LHC (HL-LHC) project aims to deliver an order of magnitude more

collisions by enhancing the performance of both the accelerator and the detectors. Installation of the HL-LHC

components is scheduled to begin during the Long Shutdown 3 (LS3), starting in 2026. The upgraded machine

is expected to begin operations in 2030, with data-taking projected to continue into the 2040s. The proposed

plan for HL-LHC schedule at the LHC (updated in January 2025) can be seen in Figure 5.1.
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5.1.1 CERN accelerator chain and experiments

A schematic of the LHC accelerator chain can been seen in Figure 5.2. The LHC injection chain [124] begins

with a standard cylinder of hydrogen gas, which is ionised to extract protons. These protons are initially

accelerated by a linear accelerator (LINAC). From 2008 to 2020, LINAC 2 provided acceleration up to 50 MeV,

after which it was replaced by LINAC 4 as part of the HL-LHC upgrade, increasing the output energy to 160

MeV. The protons are then further accelerated in the Proton Synchrotron Booster (PSB) to 1.4 GeV before

entering the Proton Synchrotron (PS), where they reach 26 GeV. From the PS, the protons are transferred to

the Super Proton Synchrotron (SPS), CERN’s second-largest accelerator, which boosts their energy to 450 GeV.

The SPS supplies protons to several experiments as well as to the LHC, where they are accelerated to their final

energy of 6.8 TeV (6.5 TeV during Run 2), achieving a centre-of-mass energy of 13.6 TeV (13 TeV during Run

2). Superconducting dipole, quadrupole, and higher-order magnets guide and focus the beams, ensuring beam

stability and precise collisions. Sixteen radio frequency (RF) cavities, operating at 400 MHz, provide the final

acceleration while maintaining the proton bunch structure.

Figure 5.2: The CERN accelerator complex consists of a series of pre-accelerators culminating in the main LHC ring.
The process begins in the Linac4 facility, where H− ions are produced. These ions are stripped of their electrons, yielding
bare protons, which are then sequentially accelerated through the pre-accelerator chain. Upon entering the LHC ring at
an energy of 450 GeV, the protons are further accelerated to their final energy of 6.8 TeV (6.8 TeV during Run 2) over
a period of approximately 20 minutes [125].

50



5.1.2. Luminosity

There are four primary interaction points along the LHC ring where the four main experiments are located: A

Toroidal LHC Apparatus (ATLAS) [126], Compact Muon Solenoid (CMS) [127], A Large Ion Collider Experi-

ment (ALICE) [128], and the Large Hadron Collider beauty experiment (LHCb) [129]. Among these, ATLAS

and CMS are the largest experiments and serve as general-purpose detectors designed to explore a broad range

of physics phenomena, including the search for new particles and interactions. The independent design and

operation of these two detectors provide cross-confirmation of any potential discoveries.

The LHCb experiment is optimised for the study of heavy-flavour physics, particularly the decays of particles

containing b quarks, to investigate the parameters of the CKM matrix and CP violation [129]. The ALICE

experiment is dedicated to the study of heavy-ion collisions and the properties of strongly interacting matter at

high energy densities. It aims to characterize the formation and behaviour of the quark–gluon plasma, a state

of matter believed to have existed shortly after the Big Bang [128].

In addition to these main experiments, several smaller experiments are located at or near the interaction

points and serve more specialized purposes. These include TOTEM (TOTal Elastic and diffractive cross-section

Measurement) [130], LHCf (Large Hadron Collider forward) [131], FASER (Forward Search Experiment) [132],

and MoEDAL (Monopole and Exotics Detector At the LHC) [133]. TOTEM is dedicated to the study of proton

structure and measurements of total and inelastic cross-sections. LHCf measures particles produced at very

small angles to the beamline to improve understanding of ultra-high-energy cosmic rays. FASER is designed to

search for light, weakly interacting particles and study neutrinos produced in LHC collisions. MoEDAL focuses

on the search for magnetic monopoles and other highly ionizing, stable, massive particles.

5.1.2 Luminosity

A large number of events is essential for all physics analyses, as it reduces statistical uncertainties and enables

more precise measurements. The rate of expected events (∆N/∆t) for a specific process is determined by the

product of its cross-section, σ, and the instantaneous luminosity L:

∆N
∆t = σL. (5.1)

The cross-section is determined by the nature of a specific process and can be predicted theoretically within

a given model. In contrast, the luminosity is a quantity related to the performance of the collider and beam

configuration. For proton–proton collisions at the LHC, under the assumption of head-on collisions between

Gaussian-distributed bunches, the instantaneous luminosity can be approximated by:

L = n2nbfrev
2πσxσy

, (5.2)
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where n is the number of protons per bunch, nb is the number of bunches per beam, and frev is the revolution

frequency. The quantities σx and σy denote the horizontal and vertical transverse beam widths, respectively.

The target luminosity during the construction of the LHC was L = 1034 cm−2s−1 [120]. This was achieved

in 2016 and subsequently doubled in 2017. The size of a dataset is typically expressed using the integrated

luminosity which represents the total number of proton-proton interactions over a given period of time. It is

given in units of fb−1, where 1 b = 10−28 m2. The full Run 2 dataset available for physics analyses amounts

to a integrated luminosity of 140 fb−1. Operation at this level of luminosity can result in multiple protons

colliding within the same bunch crossing. The average number of proton-proton interactions per bunch crossing

is referred to as pile-up, µ, and scales with luminosity. The evolution of the integrated luminosity throughout

Run 2, along with the corresponding pile-up profile, is shown in Figure 5.3.

a) b)

Figure 5.3: Delivered luminosity from the LHC and recorded luminosity by ATLAS during Run 2 (left), and the corres-
ponding pile-up profile each year of data taking (right) [134].

5.2 The ATLAS detector

The ATLAS detector [126] is, together with CMS, one of two general-purpose particle detectors located along

the LHC accelerator ring. It was designed to capture data from a broad range of physics processes, with a

physics programme ranging from precision measurements of the SM to searches for more exotic, theorised BSM

processes. The basic design has for the most part stayed the same since its construction. Protons collide in the

beam pipe at the centre of the ATLAS geometry, which provides an almost 4π coverage around the Interaction

Point (IP). Extending outwards from the IP are layers of sub-detector systems, each with a specific purpose

and functionality. The Inner Detector is the innermost sub-system, responsible for tracking the trajectories of
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charged particles and measuring their momenta and decay vertices. A superconducting central solenoid magnet,

located around the ID, generates a 2 T magnetic field, enabling momentum reconstruction from the curvature

of charged particles. The calorimeter system is placed outside the ID and is composed by the electromagnetic

calorimeter, dedicated to the identification and measurements of electromagnetic showers, and the hadronic

calorimeter, designed to identify and measure the energy of hadronic showers. The Muon Spectrometer is the

outermost sub-system, designed for the detection and momentum measurement of muons. It employs a system

of superconducting toroidal magnets, which generate a field between 0.1 and 3.5 T, enabling measurements of

muons and their momenta.

A schematic of the full layout of the ATLAS detector is shown in Figure 5.4. The main performance goals of

each sub-system are listed in Table 5.1.

Figure 5.4: A schematic of the ATLAS detector highlighting the labelled sub-systems designed for various physics
applications, including tracking, energy measurement, and muon detection. The detector operates within magnetic fields
generated by both solenoid and toroidal magnets [135].

Detector component Required resolution η coverage
Measurement Trigger

Tracking σpT
/pT = 0.05% pT ⊕ 1% ±2.5 ±2.5

EM calorimetry σE/E = 10%/
√
E ⊕ 0.7% ±3.2 ±2.5

Hadronic calorimetry (jets)
Barrel and end-cap σE/E = 50%/

√
E ⊕ 3% ±3.2 ±3.2

Forward σE/E = 100%/
√
E ⊕ 10% 3.1 < |η| < 4.9 3.1 < |η| < 4.9

Muon spectrometer σpT
/pT = 10% at pT = 1 TeV ±2.7 ±2.4

Table 5.1: General performance goals of the ATLAS detector showing the resolution and η coverage for different detector
components [126].
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5.2.1 Coordinate system

The geometry of the ATLAS detector is defined in terms of both a right-handed Cartesian and a cylindrical

coordinate system, centred at the IP. In the Cartesian system, the z-axis is defined by the anticlockwise beam

direction, the x-axis points from the IP towards the centre of the LHC ring, and the y-axis points vertically

upward [126]. In cylindrical coordinates, the polar angle θ is measured from the beam axis, while the azimuthal

angle ϕ is measured from the y-axis around the beam axis.

z

IP

y

x

η = 0
η > 0

η < 0

η = +∞

η = −∞

p⃗T

p⃗

ϕϕϕ

θ
ηϕϕϕ

center of
the LHC

Figure 5.5: ATLAS coordinate system showing both the right-handed Cartesian and cylindrical coordinate systems.
Figure generated with tikz based on Ref. [136].

The x − y plane, transverse to the beam direction, is used to define quantities like the transverse momentum

and energy of physics objects:

pT =
√
p2

x + p2
y = |p| sin θ, ET = E sin θ. (5.3)

The rapidity of a particle is defined as:

y = 1
2 ln

(
E + pz

E − pz

)
, (5.4)

where E is the particle’s energy and pz is its momentum along the z-axis. For particles with small pz with

respect to E, the logarithmic term approaches one, and the rapidity approaches zero. This corresponds to

particles moving predominantly in the transverse plane. In the opposite scenario, where the particle is directed

close to the beamline, the rapidity approaches infinity. A related quantity, which is more convenient to measure

for highly energetic particles, is the pseudorapidity, denoted as η. It is defined as:

η = − ln tan
(
θ

2

)
. (5.5)
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For massless particles, η is equivalent to y. Differences between two rapidities, or pseudorapidities, remain

invariant under Lorentz boosts along the z-axis. Using this property, a distance parameter can be defined:

∆R =
√

(∆η)2 + (∆ϕ)2, (5.6)

which can be used to describe the relative positions of physics objects.

5.2.2 Inner Detector

The ATLAS Inner Detector (ID) [137, 138] refers to the collection of sub-detectors located closest to the beam

pipe, designed to track charged particles by measuring their charge and momentum. Figure 5.6 presents a

labelled schematic of the ID and its components. A central solenoid surrounding the ID generates a 2 T

magnetic field, immersing the entire ID. When a charged particle enters this magnetic field, its trajectory is

deflected, resulting in an arced path. The direction of curvature indicates the particle’s charge, while the radius

of curvature determines its momentum.

Figure 5.6: Schematic of the ATLAS ID with the different sub-systems highlighted [139].

The ID’s proximity to the IP imposes several stringent requirements. Proton bunches collide every 25 ns within

the ATLAS detector. This requires that the ID electronics have sufficiently fast readout speeds to handle the

collision frequency. Furthermore, the electronics must be radiation-hard to endure the continuous particle flux

generated by interactions.
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To achieve the precise momentum reconstruction needed for physics analyses, the ID is segmented into three main

subcomponents: the pixel detector, the Semi-Conductor Tracker (SCT), and the Transition Radiation Tracker

(TRT). These sub-detectors work together to provide full coverage of the central detector region (|η| < 2.5)

with complete azimuthal coverage (0 < ϕ < 2π). The design resolution for transverse momentum in the ID is

σpT/pT = 0.05% ⊕ 1% [126], where ⊕ denotes sum in quadrature.

Pixel detector

The innermost sub-detectors of the ATLAS ID are the pixel detector systems, which cover a radial distance from

45.5 mm to 242 mm, and provide high-granularity tracking [140]. Initially, the pixel detector consisted of three

barrel layers and two end-cap layers. Before Run 2, an additional fourth barrel layer, known as the insertable

b-layer (IBL) [141], was installed to improve track resolution very close to the IP, enhancing the identification

of secondary vertices and the detection of jets from b-quark hadronization.

The pixel detector is composed of modules made from silicon pixels. Each pixel in the IBL measures 50×250 µm2,

while in the other layers, it measures 50 × 400 µm2. A single module contains 46 080 individual pixel readout

channels, resulting in a total of 80 × 106 readout channels across the entire pixel detector.

The silicon sensors operate by applying a reverse-biased voltage to a PN junction, creating a depletion region.

When charged particles pass through this the depletion region, they generate electron-hole pairs in the material.

These pairs drift to opposite sides of the sensor under the influence of the electric field, thereby generating a

current. The amount of charge collected and the pixel’s position correspond to the amount of energy lost by the

particle and the particle’s position, respectively. The spatial resolution of the pixel detector is therefore largely

determined by the dimensions of the individual pixels.

Semi-Conductor Tracker

The Semi-Conductor Tracker (SCT) is the second layer of the ATLAS ID, positioned just beyond the pixel

detector, covering a radial range from 255 mm to 549 mm [142]. Like the pixel detector, the SCT utilizes silicon

as the active detector material but in the form of silicon-strip sensors instead of rectangular pixels. The SCT

is composed of 4088 silicon-strip detectors arranged into four concentric layers in the barrel and two end-cap

layers, providing tracking coverage up to |η| < 2.5.

Each silicon-strip module consists of two planes of silicon sensors glued to a baseboard, which serves as the

structural backbone, providing mechanical stability and thermal management. The strip modules are further
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organized into pairs, offset by an angle to enable measurements along the strip length. This arrangement allows

for precise tracking while being simpler and more cost-effective to manufacture compared to pixel sensors,

although with reduced granularity.

The SCT contains a total of 6.3 × 106 readout channels, with an overall spatial resolution of 17 µm in the

r-ϕ direction and 580 µm in the z direction. This configuration provides effective coverage for charged particle

tracking, complementing the pixel detector and offering an intermediate layer of precision tracking in the ID.

Transition Radiation Tracker

The Transition Radiation Tracker (TRT) [143, 144] is the final and largest component of the ATLAS ID,

covering a radial distance from 554 mm to 1082 mm. It consists of approximately 370 000 straw tubes, each

with a diameter of 4 mm, aligned parallel to the beamline in the barrel and arranged perpendicularly in two

disks in the end-caps. The straws, also known as polyimide drift tubes, are filled with a gas mixture, and each

contains a 31 µm tungsten anode wire running through its center. During Run 1, the gas mixture consisted

of Xe (70%), CO2 (27%), and O2 (3%). However, due to significant leaks and the high cost of xenon, some

unrepaired regions were switched to a primarily argon-based mixture.

The TRT operates as a cylindrical drift chamber. Charged particles passing through the straws ionize the gas,

releasing electrons that drift towards the positively charged central wire, resulting in a measurable electronic

current from both ends of the straw. The accelerating electrons produce secondary ionizations within the gas,

which further contributes to the overall signal.

A special feature of the TRT is its ability to identify electrons via the detection of transition radiation. This

radiation is produced when charged particles pass between materials with different dielectric constants. Polypro-

pylene fibres in the barrel and foils in the end-cap are placed between the straws to increase the amount of

transition radiation. These photons interact with the gas, releasing additional electrons and produce a signal

in the straws. Since this effect is largest for electrons due to their low mass compared to heavier particles like

pions, the TRT effectively differentiates electrons from other charged particles.

5.2.3 Calorimeter system

Calorimeters are detectors designed to measure the energy of passing particles by collecting and quantifying

the energy deposited by secondary particle showers initiated during the interaction of the incident particle with
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the calorimeter material. The ATLAS calorimeter systems are primarily designed to measure the energy of

particles, but also provide additional aid in the determination of their position in conjunction with the ID.

Figure 5.7: Schematic of the ATLAS Calorimeters with the different sub-systems highlighted [145].

The ATLAS calorimeter system [146, 147] illustrated in Figure 5.7, employs a sampling design for both its

electromagnetic (ECal) and hadronic (HCal) calorimeters. High-energy particles interact with the absorber

layers, producing cascades of secondary particles. The characteristics of these showers depend on the nature of

the particle. Electromagnetic showers are induced by particles such as electrons and photons, while hadronic

showers result from the interactions of hadrons via the strong force. The total calorimeter system provides a

pseudorapidity coverage up to 4.9 in |η| and full coverage in ϕ.

The calorimeter system is divided into two sub-systems with different designs and granularities. The ECal is

designed with fine granularity to precisely measure EM showers, and the HCal calorimeter is designed with

coarser granularity to capture the broader distribution of hadronic showers. Both sub-systems are designed

with sufficient depth to fully contain the particle showers.

Electromagnetic calorimeter

The ECal uses liquid argon (LAr) as the active material and lead plates as absorber material. Incident particles

interact with the absorber layers, producing showers of charged secondary particles. The charged particles
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travel into the LAr layer, producing electron currents that is read out via electrodes. The accordion shape of

the electrodes allows for full ϕ coverage. The ECal consists of a barrel section, with |η| coverage up to 1.475,

and two end-cap sections (EMEC) covering 1.375 < |η| < 3.2. In the barrel section two cylindrical half barrels

are centred around z = 0. Each barrel contains 1024 absorbers. The end-cap sections are divided into two

wheels. The outer wheels contain 758 absorbers, while the inner wheels contain 256 absorbers. The depth of

the barrel section is over 22 radiation lengths X0. This is a measure of how far a particle can travel through

the material before reducing its energy (or intensity for photons) by factor of 1/e. The end-cap sections have

depths of over 24 X0. The positional resolution is ∆η× ∆ϕ = 0.025 × 0.1 in the barrel and 0.025 × 0.025 in the

end-caps. The energy resolution of the ECal for electrons and photons is σE/E = 10%/
√
E ⊕ 0.7% [126].

Hadronic calorimeter

The HCal is built around the ECal. It consists of the tile calorimeter enveloping the the ECal barrel calorimeter,

the LAr end-cap calorimeter (HEC) and LAr forward calorimeter (FCal). The tile calorimeter uses steel as

absorber material and scintillating tiles as the active material. It is divided into a barrel part with 64 modules

and three layers. The granularity of the first two layers is ∆η × ∆ϕ = 0.1 × 0.1, and the granularity of the last

layer is ∆η×∆ϕ = 0.2×0.1. The coarser granularity compared to ECal is sufficient to measure hadronic showers,

since these are wider than EM showers. Instead of radiation length, interaction length λ is used as a measure

for depth, which is defined as the mean free path of a hadronic particle between two inelastic interactions. The

three barrel layers covers |η| < 1.7 and has a combined depth of 7.4 λ at η = 0 (9.7 λ when including the

ECal system). The HEC consists of two wheels per end-cap and is located behind the EMEC. Each wheel is

segmented into two layers, resulting in four layers per end-cap, each with 32 wedge-shaped modules. The HEC

uses copper plates as the absorbing material and LAr as the active material. It covers the range 1.5 < |η| < 3.2

and has a granularity of ∆η × ∆ϕ = 0.1 × 0.1 for |η| < 2.5 and ∆η × ∆ϕ = 0.2 × 0.2 for larger values. The

depth of HEC is about 12 λ. The combined tile and HEC energy resolution is σE/E = 50%/
√
E ⊕ 3% [126].

The FCal is located closely to the beam pipe to cover forward-scattered particles within 3.1 < |η| < 4.9.

It consists of three different absorber layers. The first one is made of copper and is intended for measuring

EM showers. The two others are made of tungsten and are intended for measuring hadronic showers. The

active material is LAr. The FCal has a total interaction length of 10 λ and an energy resolution of σE/E =

100%/
√
E ⊕ 10% [126].
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5.2.4 Muon Spectrometer

The muon spectrometer (MS) [148] is the outermost detector system in ATLAS. Although muons leave tracks

in the ID they travel through the calorimeter system while retaining most of their incident energy. To identify

muon tracks, the MS is built around the calorimeter.

Figure 5.8: Schematic of the ATLAS MS with the different sub-systems highlighted [149].

It consists two types of precision tracking chambers: Monitored Drift Tubes (MDT) and Cathode Strip Chambers

(CSC), as well as two types of trigger chambers: Resistive Plate Chambers (RPC) and Thin Gap Chambers

(TGC). The precision tracking chambers has |η| coverage up to 2.7, while the triggering is possible at |η| < 2.4.

The toroidal field integral is between 2.0 and 6.0 T·m throughout most of the detector. The barrel toroid

bends the muons in the region |η| < 1.4, while the end-cap toroids are responsible for the bending in the region

1.6 < |η| < 2.6. In the transition regions between the two a combination of the toroidal fields are used. A

schematic of the layout of the MS during Run 2 with its sub-detectors and toroidal magnet system is shown in

Figure 5.8. The MS has a design resolution of σpT
/pT = 10% at pT = 1 TeV [126].

Precision Tracking chambers

For high-precision spatial resolution, MDT chambers are used in the region |η| < 2.7. These chambers operate

in a similar way to the TRT section of the ID, using a gas mixture of argon and carbon dioxide that is ionised

by traversing muons. The maximum drift time is 700 ns, and each chamber delivers a spatial resolution of

35µm. In the innermost MS layer, MDTs cover only |η| < 2.0. Cathode Strip Chambers are used instead for
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2.0 < |η| < 2.7. These offer better time resolution and rate capability, but their spatial resolution is slightly

reduced, with each chamber having a spatial resolution of 40µm.

Fast Trigger chambers

One of the design criteria for the MS was the ability to trigger on muon tracks. For this, track information must

be available within a few tens of nanoseconds after a muon has passed. This is achieved by complementing the

tracking chambers with RPCs and TGCs that are designed to process muon signals as quickly as possible. The

fast trigger chambers can provide tracking in timescales between 15 and 25 ns, similar to the time interval of

the LHC bunch spacing. The RPCs are located in the barrel region and cover |η| < 1.05. Each RPC consist

two parallel resistive plates separated by a a gas volume filled with a mixture of predominantly C2H2F4, and

has a spatial resolution of 10 mm. TGCs cover the end-cap region of 1.05 < |η| < 2.4. They are multiwire

proportional chambers similar to the CSCs. They have a finer granularity than the RPCs and offer a spatial

resolution between 2 and 6 mm.

5.2.5 Trigger and data acquisition system

The LHC operates at a nominal collision rate of 40 MHz, making it technically impossible to store all collision

events for physics analysis. The role of the ATLAS Trigger and Data Acquisition (TDAQ) system [150] is

to identify events containing interesting physics and record these in a way that meets the requirements of the

readout rate, available processing power and storage capacity. In Run 2, this system was split into the hardware-

based Level-1 (L1) trigger and software-based High-Level-Trigger (HLT). Any events that is not selected by both

trigger systems is discarded. The L1 trigger reduces the the accepted event rate from 40 MHz to 100 kHz, while

the HLT further reduces the rate down to approximately 1 kHz.

Level-1 Trigger

To process events as quickly as possible, the L1 trigger does not use information from the ID, as track reconstruc-

tion is too computationally intensive. Instead, events are selected based on information from the calorimeters,

RPCs, and TGCs to perform a coarse analysis within 2.5µs. The L1 trigger is divided into the calorimeter

trigger (L1Calo), the muon trigger (L1Muon), and the event decision system implemented in the Central Trigger

Processor (CTP). Event-level quantities, such as the total deposited energy in the calorimeter, muon pT in the

MS, and topological requirements like invariant masses and angular distances, are used to define Regions of

Interest (RoIs) in the η − ϕ space of the detector. These RoIs are passed to the HLT for further processing,
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significantly reducing the amount of data needed to calculate the trigger decision. In some cases, however, the

full event is also stored.

High-Level Trigger

The RoIs are provided to the HLT system, which executes reconstruction- and identification algorithms by using

the full granularity of the detector in the RoIs or by using the full detector system. A two-step approach is

used. In the first step, a fast reconstruction which rejects the majority of events is applied. In the second step,

slower but more precise reconstruction- and identification algorithms are used. These algorithms are designed

to have a minimum difference to the algorithms used in the offline reconstruction and identification. A menu of

different trigger algorithms is designed to detect the presence of specific object(s) like electrons, muons, photons

jets, hadronic τ -lepton decays, Emiss
T candidates. For example, a single lepton trigger will select events with

at least one lepton (electron or muon) with pT above a predetermined threshold. The trigger chains can also

be combined in order to select events with multiple objects and thresholds like ditau+Emiss
T triggers. Events

need to pass at least one of the triggers in the menu in order to be selected for permanent storage. The total

processing time of the HLT system is about 200 ms.

5.3 Simulation of proton-proton collisions

In order to compare theoretical predictions with data recorded by the ATLAS detector and perform analyses,

precise simulations of proton–proton collisions at the LHC are required. These simulations must model both

the hard-scattering processes and the interactions of particles with the ATLAS detector material. This section

introduces concepts involved in simulating such collisions, beginning with parton distribution functions as

theoretical descriptions of the partonic structure relevant to hadron collisions, and continuing through the

various stages of the event simulation chain, from the hard-scattering process to the detector response.

5.3.1 Modelling of proton-proton collisions

Since the proton is a composite particle, interactions in proton–proton collisions occur between its constituents,

known as partons. The proton consists of three valence quarks: two u quarks and one d quark. However, due

to the strong interactions between the valence quarks, additional partons, including heavier quark states and

gluons, are momentarily produced. Determining the cross-section for producing a final state with n particles in

proton–proton collisions, σ(pp → n), requires parametrising both the structure of the colliding protons and the
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partons involved in the hard scatter interaction, each associated with different scales of momentum transfer, Q.

These contribution can however be treated separately due to the factorisation theorem [151]. The hard scattering

between the partons typically have large momentum transfer and can be computed using perturbative QCD.

Softer processes associated with momentum transfers on the order of the proton mass have to be described

non-perturbatively by models fitted to experimental data. The probability to extract a parton of species a is

quantified by parton distribution functions (PDFs), fa(xa, Q). PDFs depend on the the momentum fraction xa

of the initial proton P , and is evaluated at some factorisation scale Q = µf . This effectively defines the energy

scale that separates the perturbative and non-perturbative parts of the calculation.

fa(xa, µf )

fb(xb, µf )

σab→n

xaP1

xbP2

P1

P2

P ′
1

P ′
2

Figure 5.9: The two scales involved in a proton-proton collision. Two partons, a and b, carry momentum fractions xaP1
and xbP2 of the initial proton momenta P1 and P2. They are described by the PDFs fa/b(x1/2, µF ) and scatter with a
cross-section σab→n to produce a final state with n particles.

Figure 5.9 illustrates the two-scale structure of a proton-proton collision, where the cross-section factorises into

the PDFs for parton a and b, and the partonic cross-section σab→n for producing a final state with n particles.

The total cross-section, σ(pp → n) can be written as a sum over all possible parton configurations, weighted by

the PDSs:

σpp→n =
∑
a,b

∫ 1

0

∫ 1

0
dxadxbfa (xa, µF ) fb (xb, µF )σab→n (xa, xb, µR, µF ) . (5.7)

The partonic cross-section can be computed from the matrix elements Mab→n with perturbative QCD. This

involves evaluating the corresponding Feynman diagrams at specific orders of the strong coupling constant, αs.

The cross-section can be expressed as a power series in αs:

σ =
∞∑

n=1
αn

s σn. (5.8)

The lowest order of αs that contributes to the cross-section is called the leading-order (LO), followed by next-to-

leading order (NLO) and next-to-next-to-leading order (NNLO) etc. At higher orders, phase space integrations

introduce ultraviolet divergences from loop diagrams. The ultraviolet divergences are absorbed into a redefinition

of αs through the process of renormalisation by introducing the renormalisation scale, µR [152].
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Both the factorization and renormalization scale are arbitrary, unphysical parameters, typically set equal to

the momentum transfer of the parton interaction, µR = µF = Q. The cross-section dependence on these scales

arises because calculations are truncated at a fixed order in αs. While higher order terms improve precision,

their calculations also increase in complexity. As a result, cross-sections are usually evaluated at NLO or NNLO

accuracy. In the limit n → ∞, the dependence on µR and µF vanishes. At fixed orders however, theoretical

uncertainties are included to account for scale choices and missing higher-order contributions.

5.3.2 Parton shower and hadronisation

At the energy scale of the hard scattering process, partons can radiate gluons or split into other partons,

leading to additional emissions in both the initial and final states. These emissions are referred to as initial-

state radiation (ISR) and final-state radiation (FSR), respectively. If the radiated partons carry sufficient

momentum, they undergo further splittings via the processes q → qg, g → qq̄, and g → gg, leading to a

parton shower. With each splitting, the average energy of the partons decreases until it reaches the scale

ΛQCD ≈ 1 GeV. Below this scale, partons begin to merge, forming colour-neutral bound states through a

process known as hadronisation [153]. Since this cannot be calculated using perturbation theory, it is modelled

through phenomenological programs tuned to data. Common models include the Lund string fragmentation

model [154] used in the Pythia event generator and the parton-cluster fragmentation model [155] used in the

Sherpa event generator.

5.3.3 Underlying event

The remaining parts of the protons that are not involved in the hard scattering process can undergo soft

interactions leading to what is referred to as the underlying event (UE). This includes also interactions between

the remaining partons within the protons, referred to as multiple-parton interactions (MPI). As with other soft

interactions, UE modelling is described with models tuned to data. A schematic of the full simulation sequence

up to this point can be seen in Figure 5.10.

5.3.4 Pile-up

Pile-up is another interaction that must be modelled in simulation. It is categorised into interactions occurring

within the same bunch crossing (in-time pile-up) and those resulting from interactions occurring in preceding or

subsequent bunches (out-of-time pile-up) [157]. Both effects are simulated inclusively following the simulation
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Figure 5.10: A pictorial representation of the different steps involved in MC simulations of proton-proton collisions. The
red blob in the centre represents the hard scattering process. It is surrounded by a tree-like structure representing the
partons showers. The hadronisation process and subsequent hadron decay is marked in light and dark green. The light
blue blobs represents the beam remnants, and the underlying event activity is marked in purple [156].

chain described above and are then overlaid with the simulation of the hard scattering process. The number of

interactions per bunch crossing (µ) depends on the beam conditions, so simulations are subsequently reweighted

to match distributions observed in data.

5.3.5 Detector simulation

To enable a meaningful comparison with data recorded by the ATLAS detector, simulated events produced

using the aforementioned simulation chain must be further processed through a detailed simulation of their

interaction with the detector. The ATLAS detector simulation infrastructure [158] is built using the GEANT4

toolkit [159], which contains packages capable of simulating the detector response to particles interacting with

the detector material. GEANT4 provides a detailed simulation of the entire ATLAS detector and its geometry,

including magnetic field configurations, expected noise levels in readout electronics, and known detector defects.
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The detector response to particles is digitised and converted into detector signals in the same manner as in data,

ensuring an identical output format. This allows the same trigger-, identification- and reconstruction algorithms

to be applied to both data and MC. Fully simulated events before detector simulation are referred to as "truth-

level" events, whereas those after detector simulation are termed "reco-level" events.

The simulation of the complete ATLAS geometry using GEANT4 is referred to as full detector simulation.

While this approach is the most precise and reliable, it is also highly computationally demanding, where each

event can take several minutes to process. Since approximately 90% of CPU resources are spent on simulating the

calorimeter response, more efficient alternatives are often employed for this step. The AtlFast-II method [160,

161] utilises faster simulation techniques for both the calorimeter and ID systems, while the remaining sub-

detectors are still simulated using GEANT4. AtlFast-II significantly reduces CPU time while maintaining

a satisfactory level of accuracy, making it particularly useful for simulating large signal grids, such as those

required for the mono-Higgs analysis in Chapter 9.
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Chapter 6

Object reconstruction and particle identification

The particles produced from the proton–proton collisions in the ATLAS detector produce signals in the different

sub-systems. These signals are combined and passed through the ATLAS software that performs reconstruction,

calibration and identification of different physics objects that will be used for analysis. Objects include tracks,

vertices, photons, electrons, muons, jets, hadronically decaying τ -leptons and missing transverse energy. This

chapter aims to provide an overview of the algorithms used for different objects.

6.1 Tracks

The reconstruction of various objects, such as electrons, muons, and jets, relies on tracking the trajectories

of charged particles in the ID. As these particles pass through the different layers of the ID, they leave hits,

whose positions are used to determine their paths. Due to the solenoid magnetic field, these trajectories follow a

helicoidal shape, with their curvature being inversely proportional to the transverse momentum of the particle.

The tracks are described by five key parameters. These include the parameters pT, θ, ϕ, as well as the transverse

impact parameter relative to the nominal interaction point (d0), and the longitudinal impact parameter relative

to the nominal interaction point (z0). These parameters are illustrated in Figure 6.1.

Track reconstruction follows a series of steps [163]. It begins by linking hits from different layers of the ID

to establish track seeds. Hits in the pixel and SCT detectors that are above a certain energy threshold are

combined to form clusters, which are then grouped into sets of three to create the initial seeds. A combinatorial

Kalman filter subsequently incorporates additional clusters into these seeds, leading to the formation of track

candidates [164].

The Kalman filter is a recursive technique that refines track candidates incrementally. Each new cluster provides

updated information, allowing the algorithm to adjust parameters such as position and momentum while pre-
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Figure 6.1: Parameters used for track reconstruction in ATLAS. The ez direction is the unit vector in the z-direction
which is parallel to the beam axis [162].

dicting the track’s subsequent location in the next layer. Since multiple candidates may correspond to the same

cluster, an ambiguity resolution method evaluates them and selects the most suitable one based on track quality.

To determine track quality, a scoring system is defined from the χ2 value of the track fit, pT of the track, the

number of associated clusters and number of holes. A hole occurs when a hit is expected in a layer but is

absent. Lower scores are assigned to tracks with holes and low pT, as these are more likely to be incorrectly

reconstructed. The candidate with the highest score is chosen as the final track.

Once the ambiguity is resolved, a set of selection criteria is applied to the track. It must contain at least seven

clusters across the pixel and SCT detectors, with no more than two holes. Additionally, the pT must exceed 500

MeV, and have |η| < 2.5. Further constraints require |d0| < 2 mm and |z0 sin θ| < 3 mm. Tracks that satisfy

these conditions undergo a high-resolution fit that incorporates all hits in the ID.

6.2 Primary vertices

The tracks described in the previous section are used to reconstruct the primary vertices of events [165, 166].

A vertex-finding algorithm initially identifies the primary vertices, followed by a fitting procedure that refines

their positions for improved precision. Tracks that are inconsistent with a given vertex are excluded from its

reconstruction and may instead be used to identify other vertices. Among the reconstructed primary vertices,
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the one with the highest sum of squared transverse momentum of its associated tracks,
∑
p2

T, is chosen as the

hard-scatter vertex. The remaining vertices are classified as pile-up or secondary vertices.

6.3 Electrons

As electrons pass through the ATLAS detector, they produce tracks in the ID and deposit the majority of

their energy in the ECal. Within the ECal, they primarily interact with the material through bremsstrahlung,

generating photons that subsequently undergo e+e− pair production. This process results in the formation of

an electromagnetic shower.

6.3.1 Reconstruction

The reconstruction of electrons [167, 168] starts with combining clusters of cells in the ECal with tracks from the

ID. The first step involves the topological cell clustering algorithm [169]. Proto-clusters are first formed from

seed cells with an energy exceeding four times the calorimeter noise level. Adjacent cells above twice the noise

level are then added. Overlapping proto-clusters are merged, while clusters with two energy maxima above 500

MeV are split. The final clusters, known as topo-clusters [167], serve as electron or photon candidates if their

ECal energy exceeds 400 MeV and accounts for more than 50% of the total cluster energy. If no compatible

tracks are found in the ID, a pattern recognition algorithm corrects for bremsstrahlung energy losses to identify

possible tracks. Tracks associated with topo-clusters are refined using a Gaussian Sum Filter [170]. To form

electron seeds, topo-clusters are ranked by ET and must exceed 1 GeV with an associated track containing

at least four hits in the pixel or SCT detectors. Nearby topo-clusters, known as satellites, are incorporated if

their angular separation from the seed cluster is within the window of ∆η × ∆ϕ < 0.0075 × 0.125, extended to

0.125 × 0.3 if two clusters share a track. The combination of electron seeds and satellites forms a super-cluster.

Once tracks are matched to super-clusters, an initial energy calibration is applied. Clusters without a well-

matched track are identified as photons, while those with a well-matched track are reconstructed as electrons.

In ambiguous cases, both electron and photon objects are created for further analysis. Electron pT is derived

from the calorimeter energy measurement, while its η and ϕ are obtained from the associated track.

6.3.2 Identification

The reconstruction algorithm can misidentify other objects as electrons. A likelihood based identification

algorithm was used in Run 2 to reject these cases [171]. This algorithm employs a multivariate analysis technique
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that combines several discriminating variables. These variables characterise the properties of the electron track

in the ID, the matching between the track and the calorimeter cluster, as well as the longitudinal and lateral

shapes of the electromagnetic shower in the calorimeters. The algorithm computes a discriminant that can

separate signal electrons from background, using probability density functions (PDFs) derived from histograms

in different |η| and ET bins. These PDFs are constructed from Z → ee events for signal and predominantly

dijet events for background.

a) ET b) η

Figure 6.2: Identification efficiencies of electrons from Z → ee decays as a function of the electron ET (left) and η (right)
for the different identification working points with the ATLAS Run 2 dataset [168].

The algorithm provides three working points (WPs): Loose, Medium, and Tight, each offering a trade-off

between efficiency and background rejection. While all WPs use the same discriminant, their thresholds are

different. The Loose WP achieves an efficiency of approximately 85% at ET = 20 GeV, increasing to 96%

at ET = 100 GeV. The Tight WP ranges from 55% efficiency at ET = 4.5 GeV to 90% at ET = 100 GeV,

prioritising background suppression. The performance of the Medium working point is designed to be between

the Loose and Tight ones. The identification efficiencies are obtained from Z → ee events in both data and

MC, and is defined as the fraction of reconstructed electrons that pass a certain WP threshold. Figure 6.2 shows

the identification efficiencies as a function of ET and η for different WPs in both data and MC. The efficiency

drop in 1.37 < |η| < 1.52 comes from the relative large amount of inactive material in the transition region

between the barrel and end-caps. Dedicated scale factors are derived for the electron isolation WPs to correct

for observed differences in data and MC.
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6.3.3 Isolation

In addition to electron identification WPs, isolation requirements are applied to further suppress contribution

from misidentified electrons. Like the identification WPs, the isolation WPs are chosen to balance efficiency and

background rejection. The electron isolation is based on both calorimeter and track isolation variables, EconeXX
T

and pconeXX
T respectively [172]. The calorimeter isolation variable represents the amount of energy deposited in

calorimeter cells within the cone ∆RXX
max < XX/100. The track isolation variable is defined as the pT sum of

tracks that are within the same cone size XX around the electron track. The XX value is usually set to 20 or 30.

In events where electrons are produced in the decay of boosted particles, other particles can be produced very

close to the direction of the electron. In these cases a track-based variable with varying cone size is defined,

pvarconeXX
T , which shrinks for higher electron pT. The variable cone size is defined as:

∆R = min
(

10
ET[GeV] ,∆R

XX
max

)
, (6.1)

where ∆RXX
max is usually either 0.2 or 0.3 following XX value. Table 6.1 shows the different isolation WPs and

corresponding thresholds.

Selection criteria Calorimeter isolation Track isolation
HighPtCaloOnly Econe20

T < max (0.015 × pT, 3.5) GeV -
TightTrackOnly_VarRad - pvarcone20

T /pT < 0.06
TightTrackOnly_FixedRad - pvarcone20

T /pT < 0.06 for ET < 50GeV
pcone20

T /pT < 0.06 for ET > 50GeV
Tight_VarRad Econe20

T /pT < 0.06 pvarcone20
T /pT < 0.06

Loose_VarRad Econe20
T /pT < 0.20 pvarcone20

T /pT < 0.15

Table 6.1: Calorimeter and track isolation criteria for different isolation working points. For all working points XX is
set to 20 and ∆Rmax = 0.2.

Figure 6.3 shows the different electron isolation WPs as a function of ET and η, obtained from Z → ee events

in data. Dedicated scale factors are derived for the isolation WPs to correct for observed differences in data

and MC.

6.4 Muons

Muons produced in proton–proton collisions in the ATLAS detector are typically minimum-ionising particles,

depositing little energy in the sub-detectors. They create hits in the ID, leave small energy deposits in the

calorimeters, and hits in MS. Muon reconstruction is therefore primarily based on information from the ID and

MS tracking detectors, with calorimeter information playing a role mainly in the region |η| < 0.1 where readout

cables in the ID leads to a gap in the MS and limited coverage.
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a) ET b) η

Figure 6.3: Isolation efficiencies of electrons from Z → ee decays as a function of the electron ET (left) and η (right) for
the different isolation working points with the ATLAS 2018 dataset [168].

6.4.1 Reconstruction

Muon reconstruction [173, 174] combines measurements from the ID, MS, and to a lesser extent, the calorimeters.

The reconstruction begins in the MS with a pattern recognition algorithm that forms local track segments within

individual muon chambers. These segments, originating from different detector layers, are combined to create

preliminary track candidates, which are required to point approximately toward the IP and exhibit the expected

curvature due to the magnetic field. A χ2 fit refines the track by incorporating additional hits along the predicted

path while excluding outliers. This iterative process continues until an optimal trajectory is determined. If a

track segment is associated with multiple candidates, an overlap removal algorithm assigns it to the best-fitting

track or limits the number of associated tracks to at most two. The final track is re-fitted with a loose IP

constraint before being extrapolated to the beamline. Global muon reconstruction combines the refined MS

tracks with ID and calorimeter measurements. Depending on the region and what information is available from

the ATLAS sub-detectors five different types of muons are defined:

Combined (CB) muons are defined based on tracks in the MS and ID. Muon tracks reconstructed in

the MS are propagated inwards and matched to corresponding ID tracks. A global refit is then performed,

incorporating hits from both detectors while accounting for energy loss in the calorimeters. Alternatively,

ID tracks can be extended outward to the MS as an independent approach.

Inside-Out (IO) muons are defined using an inside-out algorithm that extrapolates ID tracks to the
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MS, searching for at least three loosely-aligned MS hits. A combined track fit is then performed using

the ID track, energy loss in the calorimeters, and MS hits. This method does not rely on independently

reconstructed MS tracks, enhancing efficiency in regions with limited MS coverage.

Segmented (ST) muons are defined by ensuring that an ID track, when extrapolated to the MS,

matches at least one reconstructed MS segment. If the ID track successfully matches, it is classified as a

muon candidate, and the muon parameters are derived directly from the ID track fit.

Muon-Spectrometer Extrapolated (ME) muons are defined based on the extrapolation of MS track

parameters to the beamline when no matching ID track is found. This definition allows the extension of

acceptance beyond the ID coverage, fully utilising the MS coverage up to |η| = 2.7.

Calorimeter Tagged (CT) muons are identified by extrapolating ID tracks through the calorimeters

to search for energy deposits consistent with a minimum-ionising particle. These deposits are used to tag

the ID track as a muon, with the muon parameters determined directly from the ID track fit.

6.4.2 Identification

Muon identification in ATLAS applies additional selection criteria to reconstructed muons to enhance the purity

and quality of the candidates. The main WPs are Loose, Medium, and Tight, while additional WPs such as

low-pT and high-pT are defined for muons with very low or high pT, respectively. Loose muons considers all

muon types, with CT and ST muons restricted to |η| < 0.1. This WP was designed for final states with large

muon multiplicity, such as H → 4µ decays, which benefits from the higher efficiency at the cost of lower purity.

The Medium WP is a subset of the Loose WP, accepting only CB and IO muons, and is the nominal muon

requirement used by most ATLAS analyses. The Tight is the most restrictive, including the same muon types

as the Medium WP while imposing additional selection criteria on the track parameters. It is optimised for

especially low pT muons where the misidentification rate is higher. The efficiency loss from Loose to Medium is

around 20% for 3GeV < pT < 5GeV and 1-2% for higher pT. In the range of 6 GeV < pT < 20 GeV, the Tight

WP provides a background reduction of over 50% relative to Medium, resulting in an efficiency loss of about 6%.

The muon identification efficiency for the different WPs is measured both in data and MC using Z → µµ and

J/ψ → µµ events and can be seen in Figure 6.4. Dedicated scale factors are derived for the identification WPs

to correct for observed differences.
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a) pT b) η

Figure 6.4: Identification efficiencies of muons from J/ψ → µµ decays as a function of the electron pT (left) and from
Z → µµ as a function of η (right) with pT > 10 GeV for the different identification working points for both data and
MC [174].

6.4.3 Isolation

Muon isolation is determined from calorimeter and track-based isolation variables, EtopoconeXX
T and pconeXX

T

respectively. These are measured in a similar way as the electron isolation variables explained in the previous

section. Additionally, to account for variable cone length pvarconeXX
T is defined according to Eq. 6.1. Figure 6.5

shows the distribution of different isolation variables divided by muon pT in simulated tt̄ events. The difference

in shape for prompt and misidentified muon candidates is illustrated. Different WPs are defined from applying

selections to these distributions. A summary of some of the isolation WPs used in ATLAS can be found in

Table 6.2.

Selection criteria Calorimeter isolation Track isolation

Loose_VarRad Etopocone20
T /pT < 0.3 pvarcone30

T /pT < 0.15
Tight_VarRad Etopocone20

T /pT < 0.15 pvarcone30
T /pT < 0.04

HighPtTrackOnly_VarRad - pvarcone20
T < 1.25 GeV

TightTrackOnly_VarRad - pvarcone30
T /pT < 0.06

Table 6.2: Calorimeter and track isolation criteria for different isolation working points. For the varcone variables
XX = 20 corresponds to ∆Rmax = 0.2 and XX = 30 corresponds to ∆Rmax = 0.3. All isolation working points require
muon pT above 1 GeV.
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6.5. Jets

Figure 6.5: Distributions of isolation variables divided by muon pT from simulated tt̄ events. Prompt muons corresponds
to muons candidates coming tt̄ muon decay, while non-prompt muons corresponds to misidentified muon candidates [174].

6.5 Jets

Jets are collimated sprays of hadrons that arise when high-energy quarks or gluons fragment and hadronise as a

consequence of colour confinement. Jets are measured and identified based on information from reconstructed

tracks in the ID and energy deposits in both the ECal and HCal.

6.5.1 Reconstruction and calibration

Jet reconstruction relies on jet-clustering algorithms that sequentially combines close objects to define a single

jet object. The most commonly employed jet clustering algorithm is the anti-kt algorithm [175]. This algorithm

introduces the distance dij between particles i and j and distance diB between particle i and the beam (B):

dij = min
(
p−2

T,ip
−2
T,j

) ∆R2
ij

R2 ,

diB = p−2
T,i,

(6.2)

where pT,i and pT,j represent the transverse momenta of the particles, and ∆Rij denotes their angular separa-

tion. The jet size is determined by the radius parameter R, typically set to 0.4 for small-radius jets and 1.0 for
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large-radius jets [176]. The algorithm iteratively computes both distance measures for each particle, identifying

the minimum value in each step. If diB is the smallest, particle i is classified as a jet candidate, removed from

the input, and excluded from further iterations. Alternatively, if dij is the smallest, particles i and j are merged

into a single entity, which is then included as an input particle in the next iteration. The procedure is repeated

until no input particles are left.

Jet reconstruction is followed by a multi-step calibration process to correct for detector effects [177]. Pile-up

corrections account for additional interactions using jet area and event energy density. The jet energy scale

(JES) calibration [178] aligns reconstructed jet energy with truth-level jets using pT - and η-dependent scale

factors obtained from simulation. This is done to ensure that the reconstructed jet energy matches the energy

of the initial parton at truth-level. The jet energy resolution (JER) is evaluated after the energy calibration

to measure fluctuations in the reconstructed jet energy [177]. It is parametrised as a function of pT and η and

smeared to match resolution in data. Finally the Jet Vertex Tagger (JVT) algorithm [179] is employed to select

jets originating from the hard scatter interaction and suppress pile-up jets. The JVT relies on track-based

variables, such as the fraction of jet-associated tracks from the primary vertex, with corrections for number

of vertices and pile-up-subtracted jet pT . It is evaluated in the acceptance region of the ID, corresponding to

|η| < 2.5. In the forward region the forward JVT (fJVT) algorithm [180] is used with an extended coverage up

to |η| < 0.45.

6.5.2 b-jet tagging

Jet tagging is the process of identifying jets originating from specific quark flavours. In particular, b-tagging

algorithms distinguish jets from B hadron decays (b-jets) from those produced by lighter quarks (light-jets).

Characteristic features of B hadrons include their relatively long lifetimes leading to displaced secondary vertices

with respect to the primary vertex.

Track-based taggers like IP2D and IP3D use the significance of impact parameters to identify tracks from

displaced vertices [181, 182]. Secondary vertex reconstruction algorithms search for displaced vertices formed

by B hadron decays, using variables like invariant mass, vertex flight distance, and track multiplicity. The

track-based and secondary vertex taggers are then combined and used for b-tagging algorithms such as the

DL1 and DL1r algorithms. These algorithms are built from deep neural network (DNN) architectures, which

take the outputs of the track-based and secondary vertex taggers as inputs. The DL1r algorithm exploits a

recurrent neural network (RNN) to learn track impact-parameter correlations, while DL1 is a less sophisticated

feed-forward neural network. Both are multiclass classifiers with three outputs trained to classify b-jets, c-jets,
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and light-flavoured jets. The performance of b-tagging algorithms is usually evaluated based on light-flavour jet

Figure 6.6: Different b-tagging algorithms as a function of light-flavour jet and c-jet rejection factors as a function of b-jet
efficiency. The lower two panels show the ratios of light-flavour jet rejection and c-jet rejection rates of the algorithms
compared to the MV2c10 algorithm [181].

and c-jet rejection factors as a function of b-jet efficiency. This can be seen in Figure 6.6 for the DL1, DL1r, and

MV2c10 b-tagging algorithms using simulated tt̄ events. The latter is based on boosted decision trees (BDTs)

and was extensively used in early Run 2 analyses. DL1r provides the best performance and is the algorithm

used in both analyses in this thesis.

Different working points are defined based on the b-tagging efficiency, typically chosen at 60%, 70%, 77% or

85% efficiency. Each point provides a trade-off between b-jet selection and background rejection. Additionally,

dedicated scale factors are derived in tt̄ regions, where flavour composition of jets are well understood, to correct

the simulated b-jet tagging efficiency to match what is seen in data.

6.6 Hadronically decaying Taus

The τ -lepton can decay both leptonically and hadronically due to its relatively large mass of roughly 1.777 GeV.

The dominant decay modes are listed in Table 6.3. Leptonic decays into electrons and muons, which account

for approximately 35% of τ -lepton decays, are indistinguishable from prompt light lepton production and are

reconstructed using the same identification algorithms described earlier for electrons and muons. However, a
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key difference is that the relatively long lifetime of τ -leptons leads to displaced vertices and distinct impact

parameter distributions. The remaining 65% of τ -lepton decays occur hadronically, with about 77% involving

a single charged hadron and roughly 23% producing three charged hadrons. These hadrons are primarily pions

(π), with kaons (K) contributing to a lesser extent. Since neutrinos escape detection in ATLAS, they contribute

to Emiss
T and are not used in hadronic τ -lepton reconstruction. Hence, in this section, the τ -lepton objects will

refer only to the visible part of the hadronic decay, commonly denoted as τhadvis .

Decay mode BR [%]
Leptonic 35.21 ± 0.06
e−ν̄eντ 17.82 ± 0.04
µ−ν̄µντ 17.39 ± 0.04
Hadronic 64.79 ± 0.17
h−ντ 11.51 ± 0.05
h−π0ντ 25.93 ± 0.09
h−π0π0ντ 9.48 ± 0.10
h−h+h−ντ 9.80 ± 0.05
h−h+h−π0ντ 4.76 ± 0.05
other hadr. 3.31 ± 0.05

Table 6.3: Branching ratios for the decay modes of a negatively charged τ -leptom. h− refers to either π− or K−.

6.6.1 Reconstruction

The reconstruction of hadronically decaying τ -leptons [183, 184] starts with jets that are reconstructed with

the anti-kt algorithm with a radius parameter of ∆R = 0.4. The jets are required to have pT above 10 GeV

and |η| < 2.5, excluding jets in the transition region (1.37 < |η| < 1.52). Unlike the previously described jet

objects the so-called "local hadronic calibration" (LC) [185] is applied to τhad seed jets. The vertex associated

with the τ -lepton candidate is selected by summing the pT of tracks within ∆R < 0.2 around the hadronic

τ jet. The vertex with the largest momentum is chosen. Tracks associated with the τ -lepton candidate are

required to have pT above 1 GeV, at least two hits in the pixel detector, and at least seven hits in the SCT

and TRT. Additionally, requirements on the impact parameters, |d0| < 1.0 mm and |z0 sin θ| < 1.5 mm, are

imposed. The number of tracks associated with the τ -lepton decay is categorised into either 1-prong or 3-prong

decays. The former corresponds to a single track, representing a single charged hadron in the decay, while the

latter consists of three tracks from three charged hadrons. The reconstruction efficiency depends on the number

of prongs, as seen in Figure 6.7. At low pT, 3-prong decays are suppressed due to the minimum pT requirement

on charged decay products, while at high pT, increased collimation increases the probability of missing tracks

due to overlapping trajectories. Additionally, very high-pT τ -leptons may decay beyond the first pixel layer,
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leading to incorrect prong assignments.

Figure 6.7: Simulated reconstruction efficiency for hadronic τ -lepton objects, separated into 1-prong and 3-prong can-
didates, as a function of the truth-level pT [183].

6.6.2 Identification

The reconstructed hadronic τ -leptons provide minimal rejection against jet background. To distinguish these

objects a RNN [186] is applied. Separate networks are trained for 1-prong and 3-prong decays, using a mixture

of low-level features like track and cluster information, and high-level features derived from these. The output

of the RNN defines four identification working points for both 1-prong and 3-prong. The WPs for 1-prong

τ -leptons are categorised into VeryLoose, Loose, Medium and Tight, corresponding to 95%, 85%, 75% at 60%

efficiency respectively. Similarly, four WPs are used for 3-prong τ -lepton objects, but at 95%, 75%, 60%, and

45% efficiency. The rejections rates of misidentified τ -leptons as a function of efficiency can be seen in Figure 6.8.

The performance is also shown for the BDT algorithm, which was used in early Run 2. A separate classifier

is also trained to reject backgrounds coming from electrons misidentified as 1-prong hadronic τ -lepton. This is

called the electron-veto BDT (eBDT) and is built from calorimeter and track-based variables.

Dedicated scale factors for the τ -lepton identification and eBDT WPs are derived to correct for differences in

simulation and data. These are mainly measured in Z → ττ events, with higher pT scale factors derived in

tt̄ → bµνµbτντ events. The author also conducted studies on the potential to derive τ -lepton identification scale

factors in the high pT regime using W → τν + jets events. In this topology, the W boson acquires a boost from

its recoil against the jets, resulting in a higher pT of the hadronic τ -lepton than what is typically observed in

Z → ττ events. However, due to the strong correlations between final-state objects, controlling background
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contributions from misidentified hadronic τ -leptons is particularly challenging. A novel background estimation

strategy based on the data-driven ABCD method [187] was developed and is currently being refined for Run 3.

A technical report detailing this work is available in Ref. [188], although it remains internal to the ATLAS

Collaboration.

Figure 6.8: The rejection of quark and gluon jets misidentified as hadronic τ -leptons is shown as a function of the true
hadronic τ -lepton efficiency for 1-prong (red) and 3-prong (blue) hadronic τ -lepton candidates, using the RNN (solid
line) and BDT (dashed line) identification algorithms. The markers indicate the four defined WPs [186].

6.7 Missing transverse energy

The missing transverse momentum (E⃗miss
T ) is a vector quantity in the transverse plane of the detector that

accounts for momentum carried by undetected particles, such as neutrinos (or a BSM particle). Since momentum

is conserved, the total visible transverse momentum should sum to zero, with any imbalance suggesting the

presence of invisible particles. The magnitude of Emiss
T is referred to as the missing transverse energy, Emiss

T .

The reconstruction of Emiss
T [189, 190] is calculated from the negative vectorial sum of all reconstructed and

calibrated physics objects, i.e electrons, muons, jets and τhad. Additionally, ID tracks not associated with any

reconstructed physics object is taken into account. The negative vectorial sum of accepted physics objects is

referred to as the hard term, while the unused ID tracks is referred to as the soft term:

Emiss
T = −

( ∑
accepted
electrons

pe
T +

∑
accepted
photons

pγ
T +

∑
accepted

τ−leptons

pτ
T +

∑
accepted
muons

pµ
T +

∑
accepted

jets

pjet
T

︸ ︷︷ ︸
hard term

+
∑

unused
tracks

ptrack
T

︸ ︷︷ ︸
soft term

)
. (6.3)
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The performance of Emiss
T reconstruction is typically evaluated by comparing simulated Z → µµ events to data.

For these events the true Emiss
T is expected to be small, and discrepancies may arise due to detector limitations,

jet mismeasurements, or pile-up effects, allowing the evaluation of the Emiss
T response and resolution in the

ATLAS detector.

The resolution of Emiss
T , quantified using the RMS of its x- and y-components relative to their expected values,

is typically examined as a function of the transverse energy scalar sum (
∑
ET ) of reconstructed objects. At

low
∑
ET , it is primarily influenced by muon momentum resolution, whereas at high

∑
ET , it is dominated by

the jet energy resolution.

6.8 Overlap Removal

Reconstructed physics objects are not necessarily exclusive, meaning energy clusters or tracks might be shared

between multiple objects. Overlap removal refers the procedure used to resolve such ambiguities and prevent

double-counting. The exact procedure might depend on specific analysis, but the same procedure is applied in

both analyses in this thesis, with some differences to the baseline input objects. The procedure is summarised

in Table 6.4 with each criteria being applied sequentially.

Reject Against Criteria
Electron Electron Shared track, pT,1 < pT,2
Tau Electron ∆R < 0.2
Tau Muon ∆R < 0.2
Muon Electron is Calo-Muon and shared ID track
Electron Muon shared ID track
Jet Electron ∆R < 0.2
Electron Jet ∆R < 0.4
Jet Muon NumTrack < 3 and (ghost-associated or ∆R < 0.2)
Muon Jet ∆R < 0.4
Jet Tau ∆R < 0.2

Table 6.4: Overview over the criteria used for the overlap removal in both analyses in this thesis.
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Chapter 7

Statistical Methods

The general framework for collecting and simulating data coming from the ATLAS detector have been de-

tailed in previous chapters. At its core, this involves comparing data recorded by the ATLAS detector with

MC simulations that approximate the underlying physics processes and model detector effects. To assess the

compatibility between data and theoretical predictions, and to extract measurements of model parameters, a

rigorous statistical treatment is required. This chapter provides an overview of the statistical methods used in

both analyses presented in this thesis. A more detailed discussion of the specific fit models and uncertainty

treatments can be found in Section 8.7 for the VBF CP analysis and Section 9.6 for the mono-Higgs search.

This chapter is primarily based on Ref. [191] and the HistFactory documentation [192] and aims to summarise

the relevant statistical concepts.

7.1 Likelihood function

Physics analyses rely on statistical inference to determine the most probable values of physical parameters ϕ

given a set of observed events {xi}. Since the true probability density p(x|ϕ) is often inaccessible in practice,

MC simulations are used to approximate the probability distribution p(x|ϕ′) for some assumed parameters ϕ′,

from which pseudo-experiments can be drawn. Given a sufficiently large number of simulated events {x̃i}, an

empirical probability density p(x̃|ϕ′) can be constructed. This simulated probability density then forms the

basis for likelihood-based inference.

In an ATLAS analysis, this approach is used to build a statistical model that describes the expected data in

terms of contributions from signal and background processes, as well as their associated uncertainties. The

model is parametrised by a set of parameters, which includes the parameter of interest (POI), often a signal

strength factor µ scaling the signal yield, and nuisance parameters θ, representing systematic uncertainties.
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The likelihood function L(µ,θ) expresses the probability of observing nobs events in data as a function of these

parameters.

For binned data, as is typical in ATLAS analyses employing HistFactory, the likelihood is constructed as a

product of Poisson probabilities across all bins:

L(µ,θ | nobs) =
N∏
i

(µsi(θ) + bi(θ))nobs
i

nobs
i !

e−(µsi(θ)+bi(θ)), (7.1)

where nobs
i denotes the observed number of events in bin i, µsi(θ) and bi(θ) are the expected signal with signal

strength µ and background yields in bin i, respectively, and N is the total number of bins. The dependence on

the nuisance parameters allows systematic uncertainties to be incorporated into the fit model. For example, a

normalisation uncertainty might scale si or bi by a factor, while a shape uncertainty might alter the distribution

of events among bins. For both analyses in this thesis, as well as for most analyses in ATLAS, the likeli-

hood function is constructed using HistFactory [192] and RooStats [193] and minimisation and uncertainty

estimation is done with RooFit [194] using Minuit [195].

The likelihood can be extended to include multiple analysis channels and regions. In this case, an additional

multiplicative factor is introduced for each channel and region, such that the full likelihood factorises over the

number of channels, regions, and bins. The same POI is typically shared across channels, while some nuisance

parameters are correlated between channels and others are channel-specific. Maximising the likelihood with

respect to all parameters yields the best fit values µ̂ and θ̂. In practice, however, the interest is usually in the

POI, while the nuisance parameters are treated as a means of incorporating systematic uncertainties. This is

handled by the profile likelihood.

7.2 Parameter estimation and uncertainties

In the presence of nuisance parameters, the dependence of the likelihood on µ is studied using the profile

likelihood. The profile likelihood function is defined as:

Lp(µ) = L
(
µ, θ̂(µ)

)
, (7.2)

where θ̂(µ) are the conditional maximum likelihood estimates of the nuisance parameters for each fixed value

of µ.

The best fit value µ̂ corresponds to the value of µ that maximises the profile likelihood. In practice, it is more

convenient to work with the negative logarithm of the likelihood, such that the estimation problem becomes a

minimisation problem. The minimum of − lnLp(µ) corresponds to the maximum of Lp(µ).
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The uncertainty on µ̂ is extracted by examining the shape of the profile likelihood around its minimum. Under

the assumption that the likelihood behaves approximately Gaussian near the best fit value, the confidence

intervals can be constructed using Wilks’ theorem. This states that, for large samples, the test statistic q(µ):

q(µ) = −2 ln Lp(µ)
Lp(µ̂) , (7.3)

asymptotically follows a χ2 distribution with one degree of freedom [196].

In particular, the 68% confidence interval is defined by the values of µ where:

−2∆ lnLp(µ) = 1. (7.4)

Similarly, the 95% confidence interval is defined by where µ gives:

−2∆ lnLp(µ) = 3.84. (7.5)

These thresholds follow from the properties of the χ2 distribution. A value of q(µ) = 1 corresponds to the

68% quantile, and q(µ) = 3.84 corresponds to the 95% quantile for one degree of freedom. In practical terms,

the profile likelihood is scanned as a function of µ, and the 68% confidence level interval corresponding to

an uncertainty at 1σ is determined by identifying the points where −∆ lnLp(µ) = 1/2 relative to the best

fit µ̂. Similarly, the 95% confidence interval is obtained by identifying the points where −∆ lnLp(µ) = 1.92.

Systematic uncertainties, encoded via the profiled nuisance parameters θ̂(µ) for each µ, broaden the profile

likelihood curve. In this way, the uncertainties on the nuisance parameters are propagated to the POI and are

reflected in the total uncertainty with µ̂± σµ.

An example of the application of the profile likelihood method can be found in the combined Higgs boson mass

measurement performed by ATLAS and CMS during Run 1, using the H → γγ and H → 4ℓ channels. The

corresponding scan of the test statistic is shown in Figure 7.1, with the POI identified as the Higgs boson mass

µ = mH . The curve is defined in terms of the profile likelihood ratio test statistic q(µ) = −2 ln Λ(mH) =

−2 ln (L(mH)/L(m̂H)), where L(mH) is the profile likelihood evaluated at a given mass hypothesis. The

minimum of the curve occurs at m̂H = 125.09 GeV. The uncertainty on the measurement is obtained by

identifying the values of mH where the curve intersects fixed thresholds corresponding to confidence levels.

Specifically, the 68% confidence interval is approximated at q(µ) = 1, and the 95% confidence interval∗ is

approximated at q(µ) = 4. From these intersections, the uncertainty on the Higgs boson mass is determined to

be 125.09 ± 0.24 GeV at 95% confidence level. The figure also illustrates two important effects. The inclusion
∗Strictly speaking, q(µ) = 4 corresponds to the 95.45% confidence interval, i.e. 2σ. The exact 95% confidence interval corres-

ponds to 1.96σ, or q(µ) ≈ 3.84.
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Figure 7.1: Measurement of the Higgs boson mass by the ATLAS and CMS experiments in H → γγ and H → 4ℓ
during Run 1 using the formalism described above. The POI is set as the Higgs mass µ = mH and the test statistic
q(µ) = −2 ln Λ(mH) = −2 ln(L(mH)/L(m̂H)). The solid lines shows the measurements with systematic uncertainties
(black is combined), and the dashed lines shows the measurement without systematic uncertainties. Approximate 68%
and 95% confidence intervals are drawn where there curve intersects with 1 and 4 respectively [197].

of multiple analysis channels improves the sensitivity, leading to a narrower ∆NLL curve, while the inclusion of

systematic uncertainties broadens the curve, resulting in a larger overall uncertainty on the POI.

A similar statistical procedure will also be applied for the measurement of the EFT parameters d̃ and cHW̃

in the VBF CP analysis detailed in Chapter 8. It should be noted that some modifications are necessary to

adapt the approach from a normalisation measurement of signal strength µ to a shape-dependent fit. These

adaptations will be discussed in Section 8.7 when introducing the fit model.

7.3 Hypothesis testing

In the previous section, the profile likelihood function was introduced and used for parameter estimation of

model parameters. Hypothesis testing concerns the statistical evaluation of specific signal hypotheses, applying

the profile likelihood ratio to either test the presence of a signal or constrain it by setting exclusion limits.

In particle physics analyses, this is typically formulated by defining a null hypothesis H0 and an alternative

hypothesis H1, and constructing a test statistic based on Lp(µ) to distinguish between them. Two important

scenarios are considered: testing the background-only hypothesis against the presence of a new physics signal

(discovery), and testing a specific signal-plus-background hypothesis to set upper limits on the signal strength

(exclusion).

For a discovery search, the null hypothesis H0 corresponds to the background-only model (no signal), typically
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associated with µ = 0 if µ represents the signal strength parameter, while the alternative hypothesis H1

corresponds to the signal-plus-background model with µ > 0. The objective is to assess whether the observed

data is incompatible with H0 in favour of H1, with the signature of discovery being an excess of events above

the background expectation.

The compatibility of the data and the background-only hypothesis is quantified using the test statistic q0,

defined as:

q0 = −2 ln Lp(µ = 0)
Lp(µ̂) , (7.6)

where Lp(0) is the profile likelihood evaluated at µ = 0, and Lp(µ̂) is the maximum profile likelihood at the

best fit signal strength µ̂. By construction, q0 ≥ 0, and larger values of q0 indicate greater incompatibility with

the background-only hypothesis. In the context of discovery, only positive values of µ are considered, since the

presence of a signal is expected to lead to an excess. If the best fit µ̂ is negative, it is set to zero, resulting

in q0 = 0. Therefore, q0 acts as a one-sided profile likelihood ratio statistic for testing H0 : µ = 0 against

H1 : µ > 0.

Given an observed value qobs
0 , the p-value for the background-only hypothesis is defined as:

p0 = P (q0 ≥ qobs
0 ), (7.7)

representing the probability that background-only would produce a test statistic at least as large as that ob-

served. A small p0 indicates that the background-only hypothesis is incompatible with data. It is customary to

convert the p-value into a significance Z, expressed in units of standard deviations, using:

Z = Φ−1(1 − p0), (7.8)

where Φ−1 is the inverse cumulative distribution function of the standard normal distribution. For example, a

p0 = 2.87 × 10−7 corresponds to a significance of Z = 5, the conventional threshold for claiming discovery in

particle physics.

For exclusion tests, the roles of the hypotheses are reversed. The null hypothesis H0 is taken to be the signal-

plus-background model with a some signal strength µ, while the alternative hypothesis H1 corresponds to

the background-only model. The aim is to assess whether the data is more compatible with background-only

hypothesis, leading to the exclusion of the considered µ. The test statistic for exclusion is defined as:

qµ = −2 ln Lp(µ)
Lp(µ̂) , (7.9)

where Lp(µ) is the profile likelihood evaluated at the fixed signal strength µ, and Lp(µ̂) is the maximum profile

likelihood at the best fit value µ̂. When setting limits, only deficits in the fitted signal strength relative to
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the tested value should be used as evidence against the hypothesis. If the best fit signal strength µ̂ is greater

than the tested value µ, the data indicate a preference for an even larger signal and cannot be interpreted as

evidence to exclude µ. In this case, the test statistic is set to zero by definition. This procedure ensures that

only downward fluctuations reduce the compatibility between the data and the tested hypothesis, leading to

the definition of the modified one-sided test statistic:

q̃µ =


−2 ln Lp(µ)

Lp(µ̂) , if µ̂ ≤ µ,

0, if µ̂ > µ.

(7.10)

By construction, q̃µ ≥ 0, and larger values indicate greater incompatibility between the data and the signal-

plus-background hypothesis at the tested signal strength. For a given µ, the corresponding p-value is defined

as:

ps+b(µ) = P (qµ ≥ qobs
µ ), (7.11)

where the probability is computed under the assumption that the signal is present with strength µ. This p-value

quantifies the probability of observing a test statistic at least as incompatible with the signal hypothesis as the

value obtained from the data. In general statistical terms a hypothesis is excluded at 95% confidence level if

ps+b < 0.05.

However, exclusion based solely on ps+b can be misleading if the analysis has limited sensitivity to a signal.

In particular, downward fluctuations of the background can artificially produce small ps+b values even when

the data is fully consistent with the background-only hypothesis. In such cases, a signal hypothesis could be

excluded even if the analysis does not have sensitivity to it. To address this issue, the modified frequentist CLs

method was developed [198]. The CLs value is defined as:

CLs = ps+b

1 − pb
, (7.12)

where pb is the p-value for the background-only hypothesis. If the analysis has little sensitivity, 1 − pb becomes

small, inflating CLs and preventing false exclusions. CLs therefore ensures that a signal hypothesis is only

excluded if the data provide genuine sensitivity to distinguish it from the background. A signal hypothesis is

excluded at 95% confidence level if CLs < 0.05. The 95% CL upper limit on µ is the largest signal strength for

which this condition holds.

In the case of multiple signal hypotheses, the CLs value can be computed for each signal point to form an

exclusion contour. This prescription is applied in the mono-Higgs analysis in Chapter 9 when setting limits on

the 2HDM+a model.
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7.4 The Asimov dataset and expected sensitivity

To evaluate the expected sensitivity of an analysis without relying on real data, the Asimov dataset provides a

powerful tool [191]. The Asimov dataset is a constructed pseudo-dataset in which the observed event counts in

each bin are set exactly equal to their expected values under a given hypothesis. This ensures that the best fit

parameters match the true parameters used to generate the dataset:

µ̂ = µ, θ̂ = θ. (7.13)

The same profile likelihood procedure can then be applied to the Asimov dataset, enabling the evaluation of

the fit model and the expected sensitivity of the analysis. Typically when producing the Asimov dataset, µ is

set to 0, and the fit is run assuming that the data behaves according to the background-only hypothesis. Or if

µ represents the signal strength for a SM process it is typically set to 1.

Under the Asimov construction, the expected sensitivity of an analysis can also be evaluated analytically using

asymptotic approximations based on Wilks’ theorem [196]. In particular, the median expected significance for

rejecting the background-only hypothesis (µ = 0) in favour of the signal-plus-background hypothesis with µ = 1

is obtained from the Asimov value of q0. For a simple counting experiment, where s and b denote the expected

number of signal and background events respectively, the median expected discovery significance is given by:

median Z0 =
√

2
(

(s+ b) ln
(

1 + s

b

)
− s
)
. (7.14)

This formula assumes that the background expectation b is perfectly known. In the presence of background

uncertainties, characterized by a variance θ2
b , the expected significance generalises to the so-called Asimov

significance:

ZA =

√
2
(

(s+ b) ln
[

(s+ b)(b+ θ2
b )

b2 + (s+ b)θ2
b

]
− b2

θ2
b

ln
[
1 + sθ2

b

b2 + bθ2
b

])
. (7.15)

7.5 Systematic and Statistical Uncertainties

In order to constrain the nuisance parameters within physically reasonable ranges, additional constraint terms

are introduced into the likelihood. These constraints act as prior probability density functions for the nuisance

parameters, reflecting independent estimates of the size of each systematic uncertainty. Typically, each θk is

assumed to follow a standard normal distribution centred at zero with unit width, so that θk = ±1 corresponds

to a 1σ variation. The likelihood function is then extended to include the product of all such constraint terms.
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The full likelihood can then be written as

L(µ,θ) =
Nbins∏
i=1

Pois
(
nobs

i

∣∣∣nexp
i (µ,θ)

)
×
∏

k

G(θk) , (7.16)

where G(θk) denotes the unit Gaussian function used as the constraint for θk:

G(θk) = 1√
2π
e−θ2

k/2. (7.17)

Moving θk away from its nominal value θ0
k = 0 penalises the likelihood, with larger shifts being increasingly

suppressed. In this way, the nuisance parameter in the fit will typically stay within the uncertainty range unless

the data provide a strong global indication that the overall event rate is inconsistent with the nominal value.

Two types of systematic effects are typically handled by the nuisance parameters. These are pure normalisation

uncertainties, which affect the overall rate of a process uniformly across all bins, and shape uncertainties, which

alter the relative yields in different bins, thereby changing the shape.

In addition to systematic uncertainties, statistical uncertainties from the finite size of MC samples are incor-

porated into the likelihood model. Limited simulated statistics in individual bins introduce uncertainties in

the predicted yields, especially in regions with low event counts. To model this, a set of auxiliary nuisance

parameters {γi} is introduced, where each γi represents the statistical precision of the MC estimate in bin i.

The expected yield in that bin is scaled by γi, and a constraint term is applied to keep it near unity, consistent

with the statistical uncertainty.

Unlike systematic effects, these uncertainties are not modelled with Gaussian constraints. Instead, a Poisson

distribution is used, based on the effective number of simulated events in bin i, defined as mi = (ni/δi)2, where

ni is the predicted yield and δi its statistical uncertainty [192]. The corresponding constraint term takes the

form:

P (mi | γimi) = (γimi)mi

mi!
e−γimi , (7.18)

with γi having a nominal value of 1. Since statistical fluctuations are uncorrelated, a separate γi is assigned to

each bin.

In addition to nuisance parameters associated with systematic and statistical uncertainties, normalisation factors

(NFs) are included in the fit. NFs are introduced for selected background processes to control their normalisation

and calibrate them to data. This is typically done in dedicated regions that are rich in the targeted background

process.
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7.6 ATLAS fitting strategy

ATLAS analyses typically follow a combined fitting strategy that uses multiple regions of data to constrain

backgrounds and search for signals. These regions are generally classified as signal regions (SRs), control

regions (CRs), and validation regions (VRs). The statistical model in HistFactory is built to include SRs and

CRs in a simultaneous likelihood fit, while VRs are generally used for cross-checks.

Signal Regions (SRs): An important part of the analysis strategy is to know where to look. The

typical approach is therefore to define a region of phase space where the effect of the considered signal

is expected to be noticeable. These regions are referred to as signal regions, and are typically defined

by setting requirements on kinematic variables and/or the output score of a multivariate algorithm. The

requirements are chosen to maximise the expected signal-to-background ratio or some related metric.

Following ATLAS policies, the data in the signal regions is "blinded" when doing the optimisation. That

means that the analysis should demonstrate that the background modelling and effects from systematic

uncertainties is well understood before looking at data. Only when the analysis strategy is completed and

validated, the SRs becomes "unblinded". This is done to avoid bias from potential statistical fluctuations

in data that might influence the SR definitions.

Control regions (CRs): Since the aim of the SR requirements is to maximise sensitivity, they are often

characterised by reduced background yields. Dedicated CRs are therefore typically defined for specific

background processes to both check and correct any potential background mismodelling. These regions

are constructed to have high purity of the targeted background process and minimal signal contamination.

The background modelling can then be calibrated to data in the CRs, and any observed discrepancies can

be corrected and propagated to the SRs through the fit via NFs.

Validation regions (VRs): To ensure that the extrapolation of NFs from the CRs to the SRs is reliable,

dedicated validation regions are typically defined. These regions are designed to be kinematically closer

to the SRs while still maintaining a low expected signal contribution. The VRs do not contribute to the

fit directly. However, the effects of the fit, including the constraints and NFs derived from the CRs, are

propagated to them. A good agreement between the post-fit prediction and the observed data in the VRs

provides confidence in the background modelling and extrapolation strategy.
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Chapter 8

Searching for anomalous CP-odd couplings in VBF

Higgs production

This chapter describes a test of CP invariance in Higgs boson production via vector-boson fusion performed in

the H → ττ channel. A direct measurement of EFT parameters is performed with interpretation in both the

HISZ and Warsaw basis using the Optimal Observable method discussed in Chapter 3. This is an enhancement

of the partial Run 2 36.1 fb−1 ATLAS analysis [51] published in 2020 with additional interpretations in the

Warsaw basis.

Decays of two τ -leptons are classified into three final states: the τℓτℓ Different Flavour (DF), τℓτh and τhτh

channel, where the subscript specifies if the τ decayed leptonically or hadronically. The τℓτℓ Same Flavour

(SF) channel was discarded as it provided minimal sensitivity due to the difficulty of separating these events

from Z → ℓℓ events. Hence, the τℓτℓ DF channel corresponding to τeτµ and τµτe will be written as τℓτℓ in the

following unless stated otherwise. The branching factions of the different decay channels is shown in Figure 8.1.

6%
6%46%

42%

τℓτℓ SF
τℓτℓ DF
τℓτh

τhτh

Figure 8.1: Branching fractions of the di-τ decay into different channels. The τℓτℓ DF is not considered in the analysis.

While the signal process is independent of the decay channels, the background composition varies greatly and
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depends on the channel. Therefore, they are treated separately and then combined. The following sections will

detail the general analysis strategy with particular focus on the τℓτℓ channel and also describe the statistical

combination of the three channels. In the end a comparison with other ATLAS results will be discussed. The

signal considered in this analysis is the VBF H → ττ process, as well as the VBF H → WW → ℓνℓν process.

The latter only has significant contribution in the τℓτℓ channel due to the leptons in the final state.

8.1 Data and simulated samples

8.1.1 Data

This analysis uses the full Run 2 dataset collected by the ATLAS detector the LHC, produced from proton-

proton collisions at a centre-of-mass energy of
√
s = 13 TeV. Events are selected only if they were recorded

under stable beam conditions where all relevant detector subsystems were in good operating condition [199],

and pass data-quality requirements. This corresponds to a total integrated luminosity of 140.1 ± 1.2 fb−1 [200].

8.1.2 Simulated samples

Common MC samples are produced centrally within the HIGP leptons subgroup in ATLAS and have been used

in several recent H → ττ analyses [201, 202].

The Z+jets and W+jets processes are simulated with Sherpa 2.2.1 [203] using NNLO-accurate matrix ele-

ments matched to the Sherpa parton shower [204], with the NNPDF3.0nnlo [205] PDF set and a dedicated

tune. Electroweak V+jets production is modelled using Sherpa 2.2.11 with LO matrix elements and the

NNPDF3.0nnlo PDF set.

tt̄ and single-top processes are generated with Powheg Box v2 [206] interfaced to Pythia 8.230 [207] for parton

showering and hadronisation, using the A14 tune. The matrix elements use the NNPDF3.0nlo set, while

parton showering uses the NNPDF2.3lo PDF set. Diboson processes are simulated with Sherpa 2.2.2 at NLO

accuracy using the NNPDF3.0nnlo PDF set and the standard Sherpa tune.

Pile-up effects are modelled by overlaying the simulated hard-scattering events with minimum-bias proton–

proton collisions generated with Pythia 8.186 using the A3 tune and the NNPDF2.3lo PDF set [208].

Higgs boson production via ggF and VBF is simulated with Powheg Box v2 interfaced to Pythia 8 for parton

showering and hadronisation, using the AZNLO tune and the PDF4LHC15nnlo [209] PDF set. ggF production
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is simulated at NNLO accuracy, and VBF production at NLO accuracy. V H production is simulated using

Powheg Box v2 interfaced with Pythia 8 with the AZNLO tune, and normalised to NNLO cross-sections.

The tt̄H process is modelled with Powheg Box v2 interfaced to Pythia 8.230, using the A14 tune. Matrix

elements are generated with the NNPDF3.0nlo PDF set, and the parton shower uses NNPDF2.3lo. tHq

production is simulated with MadGraph5_aMC@NLO 2.6.0 interfaced to Pythia 8.230, using the A14 tune

and the same PDF configuration as for tt̄H.

The normalisation of all Higgs boson samples includes higher-order QCD and electroweak corrections where

available, and branching ratios are taken from HDECAY[47, 210] and Prophecy4f [45, 46]. A summary of

the MC generators used for all simulated processes is provided in Table 8.1.

Process Generator PDF set Tune Order
ME PS ME PS

Backgrounds

V +jets Sherpa 2.2.1 NNPDF3.0nnlo Sherpa NNLO
EWK V +jets Sherpa 2.2.11 NNPDF3.0nnlo Sherpa LO
tt̄ Powheg Pythia 8 NNPDF3.0nlo NNPDF2.3lo A14 NLO
Single top Powheg Pythia 8 NNPDF3.0nlo NNPDF2.3lo A14 NLO
Diboson Sherpa 2.2.2 NNPDF3.0nnlo Sherpa NLO

Higgs

VBF Powheg Pythia 8 PDF4LHC15nnlo CTEQ6L1 AZNLO NNLO
ggF Powheg Pythia 8 PDF4LHC15nnlo CTEQ6L1 AZNLO NNLO
V H Powheg Pythia 8 PDF4LHC15nnlo CTEQ6L1 AZNLO NNLO
tt̄H Powheg Pythia 8 NNPDF3.0nlo NNPDF2.3lo A14 NLO
tHq MadGraph5_aMC@NLO 2.6.0 Pythia 8.230 NNPDF3.0nlo NNPDF2.3lo A14 NLO

Table 8.1: Summary of nominal samples used in the analysis. The VBF Higgs samples are considered signal in the
analysis.

8.1.3 Signal reweighing procedure

The nominal VBF H → ττ samples are simulated under the SM hypothesis and do not include explicit in-

formation about CP-odd couplings. The goal of this analysis is to determine which values of the CP-violating

EFT parameters best describe the data. Various scenarios need to be tested across a wide range of parameter

values. While these can be generated, doing so would be computationally expensive as it requires simulation of

events over small intervals of these parameters. Therefore, a reweighting procedure using the nominal Powheg

+Pythia 8 SM VBF samples is employed. This approach not only saves time and reduces cost but also provides

more flexibility, allowing for arbitrary values of the EFT parameters to be obtained.
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HISZ basis reweighting

The reweighting procedure for different values of d̃ is derived from the matrix elements in Eq. 3.18, defined as

the ratio of the matrix element with d̃ ̸= 0 to the SM matrix element with d̃ = 0:

w(d̃) = |M|2

|MSM|2
= 1 + d̃ · 2RE (M∗

SMMCP− odd )
|MSM|2︸ ︷︷ ︸

wlin

+d̃2 · |MCP− odd |2

|MSM|2︸ ︷︷ ︸
wquad

. (8.1)

Here, wlin represents the linear weight, proportional to the interference term, while wquad corresponds to the

quadratic weight, proportional to the CP-odd squared term. As with the Optimal Observable described in

Section 3.3.1, the matrix elements are computed using the HAWK framework [82–84]. For reweighting, HAWK

takes inputs from each event’s truth record, specifically the flavour of incoming and outgoing partons, the

four-vector of the outgoing Higgs boson, and the Bjorken x values of the initial partons. This computation is

performed once per event and can then later be scaled by the desired d̃ value to obtain a target CP-odd scenario.

To validate the reweighting procedure samples are also generated with MadGraph5_aMC@NLO using the

Higgs Characterisation (HC) model [211]. This model uses a slightly different parametrisation than the HISZ

basis which is implemented in HAWK. The effective Lagrangian is expressed as follows:

LM
eff =

{
cακSM

[
1
2gHZZZµZ

µ + gHW WW+
µ W

−µ

]
− 1

4
[
cακHγγgHγγAµνA

µν + sακAγγgAγγAµνÃ
µν
]

− 1
2
[
cακHZγgHZγZµνA

µν + sακAZγgAZγZµνÃ
µν
]

− 1
4
[
cακHgggHggG

a
µνG

a,µν + sακAgggAgg
a
µνÃ

a,µν
]

− 1
4Λ
[
cακHZZZµνZ

µν + sακAZZZµνZ̃
µν
]

− 1
2Λ
[
cακHWW+

µνW
−µν + sακAW WW+

µνW̃
−µν

]
− 1

Λcα

[
κH∂γZν∂µA

µν + κH∂ZZν∂µZ
µν +

(
κH∂WW+

ν ∂µW
−µν + h.c.

)]}
H,

(8.2)

where the mixing angle α between CP-even and CP-odd Higgs states is represented by cα = cosα and sα = sinα.

The parameters g and κ determines the strength of the HV V couplings, with the subscript A or H corresponding

to the CP-odd and CP-even couplings to vector bosons, respectively. The κ parameters are dimensionless, and

is set by the user as model inputs in MadGraph5_aMC@NLO . The model should be able to reproduce the

the SM couplings while also allowing for additional CP-odd couplings. This can be achieved by setting cα = 0.6

and κSM = 5/3, implying sα = 0.8. Note that in the pure SM case cα = 1.0 and kSM = 1.0. In the HISZ basis

the HZγ coupling vanishes when enforcing the constraint d̃ = d̃B . Hence, κAZZ , κAW W and κAγγ are the only
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parameters in the HC model that are affected by variations in d̃. To translate between the two parametrisations

the following relations are used:
κAZZ = κAW W = − 2gΛ

mW sα
d̃,

κAγγ = − 3πvg
2mW sααEM

d̃.

(8.3)

Three CP-odd scenarios are generated this way, for d̃ = 0.1, d̃ = −0.2 and d̃ = 0.6, which are then used to

validate the reweighing model by comparing their distributions in the Optimal Observable. Table 8.2 shows the

model parameter used for generating events with d̃ = 0.1.

Parameter Value
Cut off scale Λ = 1000 GeV
Cosine of mixing angle cosα = 0.6
SM coupling parameter κSM = 5/3
Coupling parameter for AWW vertex κAW W = −1.98
Coupling parameter for AZZ vertex κAZZ = −1.98
Coupling parameter for Aγγ vertex κAγγ = −151.5
Coupling parameter for AZγ vertex κAZγ = 0

Table 8.2: Parameters used in the HC model to generate events for d̃ = 0.1. All other anomalous couplings are set to 0.

Figure 8.2 shows the corresponding distributions in the Optimal Observable for both generated and reweighted

events. The close agreement observed across the the three distributions confirms the validity of the reweighting

procedure, demonstrating that the reweighted events accurately reproduce the expected shape and behaviour

of the CP-odd couplings in the Optimal Observable.
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Figure 8.2: Optimal Observable distribution showing SM (black), SM reweighted to BSM (red) and generated BSM
(blue) events for different values of d̃.

Warsaw basis reweighting

Since HAWK is designed for the HISZ basis, it is not technically possible to apply the same reweighting procedure

in the Warsaw basis. As discussed in Section 3.2.2, a conversion between the two bases is possible under specific
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conditions, namely setting cHW̃ = cHB̃ and cHBW̃ = 0. However, in this analysis the Warsaw basis coefficients

are treated as three distinct and separate EFT parameters, so the assumptions from the HISZ basis do not

apply.

Instead of using Eq. 8.1, reweighting is performed using samples generated with the SMEFTsim package in

MadGraph [212], which allows direct specification of Warsaw basis parameter values. A similar reweighting

method to what is explained here was done in the VBF CP H → γγ analysis [53]. Samples are generated for

all three CP-odd Wilson coefficients (cHW̃ , cHB̃ , and cHBW̃ ), varying one parameter at a time while keeping

the others at zero. It is worth noting again that there is little to no sensitivity to cHB̃ and cHBW̃ , as VBF

production is dominated by the HWW vertex. Therefore, the following discussion focuses on the cHW̃ , although

the same procedure applies to the other two parameters. The reweighting is carried out using correction factors

(k) obtained from the ratio of BSM (cHW̃ ̸= 0) to SM (cHW̃ = 0) generated events with SMEFTsim, as a

function of the Optimal Observable:

k = dσ/dOO (cHW̃ ̸= 0)
dσ/dOO (cHW̃ = 0) . (8.4)

28 signal points are generated for cHW̃ between -7 and 7, with smaller intervals closer to 0. The correction factor

is then computed for different bins (bin width 1) of the Optimal Observable and then fitted with a parabolic

function in each bin. This parabolic function has the form:

w(cHW̃ ) = p0 + cHW̃ · p1(OO)︸ ︷︷ ︸
wlin

+c2
HW̃

· p2(OO)︸ ︷︷ ︸
wquad

, (8.5)

where p0 is a constant term, p1 is a linear term and p2 is a quadratic term. The form of the reweighting is

similar to Eq. 8.1 in the HISZ basis.

This way any value of cHW̃ can be obtained from the best fit values for the parameters as a function of the

Optimal Observable. Figure 8.3 shows the k-factor computed for the 28 generated cHW̃ points, which is fitted

to the parabolic function in Eq. 8.5. This gives one value for each of the three terms per bin of the Optimal

Observable.

The final linear and quadratic terms in Eq. 8.5 are defined by the best fit values of pi as a function of OO. The

fitted curves for the three terms in the Optimal Observable are shown in Figure 8.4.

The reweighting is validated by comparing generated and reweighted samples of cHW̃ in the Optimal Observable.

This is shown for CP-odd scenarios with cHW̃ = 0.4, cHW̃ = 2.0 and cHW̃ = −1.0 in Figure 8.5. Also in the

Warsaw basis good closure is observed between generated and reweighted distributions for multiple values of

cHW̃ .
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Figure 8.3: Ratio of the cross-section for SM (cHW̃ = 0) and CP-odd scenarios (cHW̃ ̸= 0) with different values of cHW̃

ranging from -7 to 7 in different bins of the Optimal Observable. Results are obtained with −6 < OO1 < −5 (left) and
3 < OO1 < 4 (right). The red curve is a parabolic function fitted to the correction factor computed for each generated
signal point of cHW̃ .
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values are used for the final reweighting.
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Figure 8.5: Optimal Observable distribution showing SM (red), SM reweighted to BSM (green) and generated BSM
(blue) events for different values of cHW̃ . The lower panel shows the ratio of both the generated and simulated BSM to
SM.
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8.2 Object definitions

The physics objects used in this analysis are reconstructed and calibrated according to the procedures described

in Chapter 6. The definitions used in this analysis generally follow what is described in Ref. [201]. Most objects

have a baseline definition, along with a more strict signal definition. The signal definition corresponds to the

objects that are used in the final analysis, while the baseline objects are used for the overlap removal procedure.

Any baseline object that is accepted after overlap removal is required to pass the signal requirements. Similar

signal definitions are applied across the three analysis channels. A summary of the signal object requirements

for each channel can be seen in Table 8.3.

Electrons must satisfy pT > 15 GeV, |η| < 2.47, and avoid the calorimeter transition region (1.37 < |η| < 1.52).

Baseline electrons must pass the LooseBlayerLHH ID WP and the BadClusterElectron flag. After overlap

removal, they must pass the Medium ID WP and the Loose_VarRad isolation WP. Muons must satisfy pT > 10

GeV and |η| < 2.47. Baseline muons pass the Loose ID WP. After overlap removal, they must pass the

TightTrackOnly_VarRad isolation WP. Baseline hadronic τ -leptons are required to have 1 or 3 tracks and

satisfy pT > 20 GeV, |η| < 2.47, avoiding 1.37 < |η| < 1.52. Baseline τ -leptons are required to have a RNN

score grater than 0.01, while signal τ -leptons are required to pass the Medium ID WP and Loose eBDT WP

after overlap removal.

Jets are reconstructed using anti-kt (R = 0.4) with PFlow inputs and must satisfy pT > 30 GeV, |η| < 4.4.

Pile-up suppression is applied using the JVT Tight WP for jets with pT < 60 GeV and |η| < 2.5, and fJVT

Loose WP for |η| > 2.5. The b-jets are identified using DL1r, using the 85% WP in the τℓτℓ and τℓτh channel

and 70% WP in the τhτh channel.
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Electrons Signal requirement
Kinematics pT > 15 GeV

|η| < 2.47, (excl. 1.37 < |η| < 1.52)
Identification Medium
Isolation Loose_VarRad

Muons Signal requirement
Kinematics pT > 10 GeV and |η| < 2.5
Identification Medium
Isolation TightTrackOnly_VarRad
Impact parameter |d0/σ(d0)| < 3, |z0 sin θ| < 0.5
Hadronic taus Signal requirement
Kinematics pT > 20 GeV & |η| < 2.47 (excl. 1.37 < |η| < 1.52)
NTracks 1 or 3 with pT > 20 GeV & |η| < 2.47
Identification RNN Medium

EBDT Loose

Jets Signal requirement
Algorithm anti-kt (R = 0.4, PFlow)
Kinematics pT > 30 GeV and |η| < 4.4
Pileup Mitigation JVT Tight for pT < 60 GeV & |η| < 2.5

fJVT Loose for pT < 60 GeV & |η| > 2.5
b-tagging DL1r 85% WP (70% τhτh)

pT > 20 GeV and |η| < 2.5

Table 8.3: Summary of the signal definitions for different objects used in the analysis.

8.3 Event selection

The event selection is done in four stages. Events passing the object selection requirements are first assigned to

one of the channels: τℓτℓ, τℓτh and τhτh. Dedicated triggers for each channel are employed and a preselection is

applied to select events that pass the trigger offline thresholds in a relevant subset of phase space and to ensure

orthogonality to other analyses. Events are further selected according to the VBF topology with cuts on the

τ -leptons and VBF jets. Finally, to optimise signal sensitivity a neural network classifier is trained separately

in each channel to define the SRs that goes into the fit model.

8.3.1 Triggers

The trigger selection is identical to what has been used in other H → ττ analyses, i.e Ref. [202, 213]. In the

τℓτℓ channel a combination of the single- and di-lepton triggers are used. Trigger matching is required for the

for the corresponding leptons selected for the analysis. The lowest unprescaled triggers used in the analysis and

corresponding online and offline pT thresholds are summarised in Table 8.4.
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Trigger Running period HLT trigger name HLT threshold Offline threshold

Single-electron 2015 e24_lhmedium_L1EM20VH, e60_lhmedium or e120_lhloose pT(e) > 24 GeV pT(e) > 25 GeV
2016-2018 e26_lhtight_nod0_ivarloose, e60_lhmedium_nod0 pT(e) > 26 GeV pT(e) > 27 GeV

or e140_lhloose_nod0

Single-muon 2015 mu20_iloose_L1MU15 or mu50 pT(µ) > 20 GeV pT(µ) > 21 GeV
2016-2018 mu26_ivarmedium or mu50 pT(µ) > 26 GeV pT(µ) > 27.3 GeV

Electron-muon 2015 e17_loose_mu14 pT(e/µ) > 17/14 GeV pT(e/µ) > 18/14.7 GeV
2016-2018 e17_lhloose_nod0_mu14 pT(e/µ) > 17/14 GeV pT(e/µ) > 18/14.7 GeV

Table 8.4: Trigger items used in this analysis for the τℓτℓ channel. The employed trigger logic is a combination of the
single-lepton and lepton-triggers. The online and offline pT thresholds are also shown for the different triggers.

The final trigger selection is based on an logical OR between the single-electron, single muon and electron-muon

triggers, applied together with their corresponding offline pT cuts:

trigger = (electron_trigger && pT(e) > threshold_e) ||

(muon_trigger && pT(mu) > threshold_mu) ||

(e-mu_trigger && pT(mu) > threshold_mu_2 && pT(e) > threshold_e_2).

This logic along with scale factors used to correct for data/MC discrepancies is handled by the TrigGlob-

alEfficiencyCorrectionTool maintained by the ATLAS EGAM working group.

8.3.2 Mass estimators

Since the analysis targets the Higgs boson decay, viable mass reconstruction is important for the analysis. The

simplest mass estimator is the visible mass of the τ−leptons, defined as:

mvis
ττ =

√
(Eµ + Ee)2 − (p⃗µ + p⃗e)2, (8.6)

where Eµ/e and p⃗µ/e are the energy and momentum of the visible part of the τ -lepton decays. Since the Emiss
T

from the neutrinos in the decays are completely neglected the mass distribution is shifted to lower values. One

way to include the missing energy is with the collinear approximation [214]. This assumes that the visible part

of the decay is collinear with the Emiss
T coming from the neutrinos and that neutrinos are the only source of

Emiss
T . The collinear approximation xi is defined as:

xi =
pvis

Ti

pvis
Ti

+ pmiss
T

, (8.7)

where i corresponds to to lepton i (e/µ) in the τℓτℓ decay and pmiss
T is the pT of the corresponding neutrino in

the decay. The mass of the ditau system can then be calculated as:

mcoll
ττ = mvis

ττ√
xµxe

. (8.8)
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8.3.3. Signal selection

A technique that does not depend on the boost of the τ -lepton system is the so-called Missing Mass Calculator

(MMC) [85]. This still assumes that neutrinos are the only source of Emiss
T , but does not assume collinearity of

the decay products. For each event a scan over the possible configurations of the visible and invisible part of

the τ -decay is performed in a Markov chain. For each kinematic configuration, the final weight is defined as a

log-likelihood of its total probability. The solution with the highest likelihood and largest weight is set as a final

estimator for mMMC
ττ . Compared to mcoll

ττ , the MMC provides a mass estimator with reduced high-mass tails,

leading to better separation between H/Z → ττ processes. It is used to reconstruct the Higgs four-momentum

necessary for computing the Optimal Observable described in Section 3.3.1. A comparison between the three

mass estimators is shown in Figure 8.6.
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Figure 8.6: Simulated distributions for mvis
ττ (left), mcol

ττ (middle) and mMMC
ττ (right). Distributions for VBF H → ττ is

shown in black while distributions for Z → ττ are shown in red.

8.3.3 Signal selection

For each channel a series of selection criteria are applied to enhance the sensitivity to the VBF SM Higgs signal

(H → ττ and H → WW ) and to ensure orthogonality to other analyses. In the τℓτℓ channel, events are required

to have a single reconstructed electron and a single reconstructed muon following the signal object definitions

in Table 8.3. The reconstructed leptons used in the analysis are required to be matched with those passing the

trigger chain with pT above the offline thresholds listed Table 8.4. The preselection is summarised in the upper

part in Table 8.5. For completeness the preselection in the τℓτh and τhτh channels are also shown.

In order to select lepton coming from the H → τℓτℓ decay and suppress events coming from W+jets and top

processes, the charge product is required to be negative. The collinear mass is required to be larger than

mZ − 25 GeV and the visible mass is limited to be between 30 and 100 GeV to suppress Z → ττ events and

to ensure orthogonality to analyses probing H → WW , like in Ref. [215]. To further suppress contribution of

Z → ττ processes, which are typically produced with low pT and large angular separation at the LHC, upper
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8.3.3. Signal selection

τℓτℓ τℓτh τhτh

eτh µτh

Preselection
Object counting # of e = 1, # of µ = 1, # of τh = 0 # of e/µ = 1, # of τh = 1 # of e/µ = 0, # of τh = 2

pT cut e/µ : pT cut 10 GeV to 27.3 GeV e/µ : pT cut 21 GeV to 27.3 GeV,
τh: pT > 30 GeV τh: pT > 40 ,30 GeV

ID, e/µ: Medium e/µ: Medium, τh: RNN Medium τh: RNN Medium
Isolation, e: FCLoose, µ: FCTightTrackOnlyVarRad e: FCLoose, µ: FCTightTrackOnlyVarRad
and eveto 1-prong τh:

eleBDT e-veto

Charge product Opposite charge Opposite charge Opposite charge

Kinematics mcoll
ττ > mZ − 25 GeV mT < 70 GeV

30 < meµ < 100 GeV

Angular ∆Reµ < 2.5, |∆ηeµ| < 1.5 ∆Rℓτh
< 2.5, |∆ηℓτh

| < 1.5 0.6 < ∆Rτhτh
< 2.5

|∆ητhτh
| < 1.5

b-veto # of b-jets = 0 # of b-jets = 0 # of b-jets = 0
wp: DL1r_FixedCutBEff_85 wp: DL1r_FixedCutBEff_85 wp: DL1r_FixedCutBEff_70

Emiss
T Emiss

T > 20 GeV Emiss
T > 20 GeV Emiss

T > 20 GeV

Coll. app. x1/x2 0.1 < x1 < 1.0, 0.1 < x2 < 1.0 0.1 < x1 < 1.4, 0.1 < x2 < 1.2 0.1 < x1 < 1.4, 0.1 < x2 < 1.4

Leading jet pT > 40 GeV pT > 40 GeV pT > 70 GeV, |η| < 3.2

VBF inclusive sub-leading jet pT > 30 GeV
mjj > 350 GeV, |∆ηjj | > 3

η(j0) × η(j1) < 0
lepton centrality: visible decay products of the τ leptons between VBF jets

Table 8.5: Summary of the preselection and VBF selection for the τℓτℓ (left), τℓτh (middle) and τhτh (right) channel.

thresholds on ∆Reµ < 2.5 and |∆ηeµ| < 1.5 are applied. To reduce contributions from top processes an explicit

requirement is placed to veto events with b-tagged jets. The requirement on Emiss
T , as well as requirements on

the momentum fraction carried by the visible part of decay products (x0, x1), are applied to improve the mass

estimation. Finally, a 40 GeV pT requirement is applied for general background suppression and enhancing the

VBF contribution.

A set of additional cuts are applied to target the VBF production topology of the Higgs boson. For these cuts

it is assumed that the two leading jets in the events are the two "tagging" VBF jets. Although this assumption

is not necessarily true for all events, studies in other VBF H → ττ analyses have shown that this is a good

approximation [201, 202].

This introduces the following additional selection criteria: the sub-leading jet must have a transverse momentum

pj1
T > 30 GeV, the invariant mass of the two leading jets must satisfy mjj > 350 GeV, the two leading jets must

have pseudo-rapidity separation, |∆ηjj | > 3. The jets must be located in opposite hemispheres of the detector,
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8.3.3. Signal selection

requiring η(j0) × η(j1) < 0. Finally, the visible decay products of the τ -leptons must lie between the two VBF

jets, ensuring lepton centrality. The same VBF cuts are applied to all three channels in the analysis and defines

what will be referred to as the VBF inclusive region in the following. The expected yields for background and

signal in this region is shown in Table 8.6.

Process Expected yield after VBF selection
VBF H → ττ 41.03 ± 0.64
VBF H → WW 17.32 ± 0.27
Other Higgs 14.98 ± 0.24
Z → ττ 901.03 ± 14.48
Z → ℓℓ 8.99 ± 0.16
Top 175.90 ± 2.78
Diboson 64.70 ± 1.04
Fakes (Misidentified leptons) 155.95 ± 2.64
Total 1380.40 ± 21.94
s/b 0.044

Table 8.6: Expected number of events per process after the VBF selection. The uncertainties are statistical only. The
considered signal in the τℓτℓ channel includes both VBF H → ττ and H → WW processes. Other Higgs includes ggH,
ttH and VH processes.

Distributions comparing the MC prediction with data in the VBF inclusive region for some final state variables

can be seen in Figure 8.7-8.10. Although the distributions generally indicate good agreement, slight mismodelling

coming from the Z → ττ normalisation can be observed. However, no correction from the object level embedding

procedure has been applied at this point. The description and application of this procedure is detailed in

Section 8.6.3.
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Figure 8.7: Distributions showing both data and MC in the VBF Inclusive region for mMMC
ττ (left), mjj (middle) and

the Optimal Observable (right). The uncertainty band includes both statistical and systematic uncertainties.
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Figure 8.8: Distributions showing both data and MC in the VBF Inclusive region for mvis
ττ (left), ∆Rττ (middle) and

∆ηττ (right). The uncertainty band includes both statistical and systematic uncertainties.
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Figure 8.9: Distributions showing both data and MC in the VBF Inclusive region for pT (j1) (left), pT (j2) (middle) and
∆ηjj (right). The uncertainty band includes both statistical and systematic uncertainties.
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Figure 8.10: Distributions showing both data and MC in the VBF Inclusive region for mT (τ1, E
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T -centrality (right). The uncertainty band includes both statistical and systematic uncertainties.
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8.4. Multivariate signal extraction

8.4 Multivariate signal extraction

To achieve sufficient sensitivity to the shape effects on the Optimal Observable arising from anomalous HV V

couplings in this analysis, it is essential to select signal pure regions enriched with VBF Higgs events. Although

the preselection and VBF cuts described in the previous section target the VBF topology, the resulting signal-

to-background ratio remains too low for precise measurements. To address this, an additional event selection

step is introduced, where SRs are defined using the output score of a neural network. A similar strategy was

employed in the partial Run 2 analysis with BDTs [51]. This section begins with a brief overview of neural

networks, followed by a detailed explanation of their training and implementation within the context of this

analysis.

8.4.1 Neural Networks

Machine Learning (ML) focuses on developing models from data, primarily through two approaches: supervised

and unsupervised learning. Supervised learning uses labelled data, pairing inputs with outputs to train models

that map inputs to outputs accurately. In contrast, unsupervised learning uses unlabelled data to uncover

underlying patterns. While both approaches are common in ATLAS, this analysis uses supervised learning to

classify events into signal and background processes.

Supervised artificial neural networks, a subset of ML techniques, consist of interconnected units called nodes in

a set of layers. Each node receives one or more inputs from a previous layer, applies a non-linear transformation

via an activation function, and produces a single output that is passed to the next layer. A bias term can be

added to the activation function’s argument to provide additional flexibility. The output of node i in layer j is

computed as:

y
(j)
i = f

(
nj−1∑
k=1

w
(j)
ik y

(j−1)
k + b

(j)
i

)
, (8.9)

where f(·) is the activation function, w(j)
ik is the weight associated with the connection between node k in layer

j − 1 and node i in layer j, b(j)
i is the bias term for node i in layer j, and nj−1 is the number of nodes in the

previous layer. In this analysis, two activation functions are considered. The rectified linear unit (ReLU) is

used for the hidden layers (layers between input and output) and is defined as:

f(y) = max(0, y). (8.10)

The softmax activation function is used for output layers, and is defined as:
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softmax(yi) = eyi∑
k e

yk
, (8.11)

where k runs over the the number of nodes in the last layer. The softmax function normalises the raw output

values yi by exponentiating each output and dividing by the sum of the exponentiated outputs. This ensures

that the outputs are non-negative and that the sum of all outputs equals 1.

This analysis employs a feed-forward neural network (NN), characterised by a layered structure with no cyclic

connections. The network is composed of three types of layers: the input layer, which receives the input

variables, one or more hidden layers, which capture complex patterns in the data, and the output layer, which

computes the final prediction. Each node in a given layer is connected to every node in the next layer, allowing

information to flow sequentially from the input to the output.

The objective of training a NN is to identify the optimal set of weights and biases that minimise the discrepancy

between the network’s predictions and the actual class values. For example if an event belongs to the signal

class the network should reward signal class scores closer to 1 and penalise larger discrepancies. The discrepancy

is quantified by the loss function L. In classification tasks, particularly those involving multiple classes, the

categorical cross-entropy loss function is commonly employed. The categorical cross-entropy loss for a single

event is defined as:

L = −
∑

i

yi log(ŷi), (8.12)

where yi denotes the true label for class i, and ŷi represents the predicted output score for class i. To minimise

this loss, the Stochastic Gradient Descent (SGD) algorithm is utilised. The weights and biases, collectively

represented by ω, are randomly initialized. The first step, known as forward propagation, passes the input

data through the network to compute the loss L(ω). In the second step, called backpropagation, the gradient

of the loss ∇ωL(ω) is computed using a randomly selected subset of the data. The weights and biases are

then updated by moving them in the direction opposite to the gradient, scaled by the learning rate η. Each

weight/bias in each layer is updated according to:

ω(t) = ω(t−1) − η∇ωL(ω(t−1)), (8.13)

where t denotes the weight update iteration index. For each update of the network parameters, a subset of the

training data is used. This is referred to as a batch. The gradient is computed by averaging the loss over all

events in the batch. A complete training iteration of the dataset is referred to an epoch.
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In this analysis a modified version of SGD is used, namely the Adaptive Moment Estimation (Adam) optim-

izer [216]. The Adam optimizer extends SGD by incorporating adaptive learning rates for each parameter, as

well as momentum to accelerate convergence. Specifically, Adam computes individual learning rates for different

parameters from estimates of the first and second moments of the gradients. This is achieved by maintaining two

moving averages: the first moment mt (the mean of the gradients) and the second moment vt (the uncentered

variance of the gradients). These moments are updated at each iteration t as follows:

mt = β1mt−1 + (1 − β1)∇ωL(ω(t−1)), (8.14)

vt = β2vt−1 + (1 − β2)
(

∇ωL(ω(t−1))
)2
, (8.15)

where β1 and β2 are decay rates. To correct for initialization bias, bias-corrected estimates m̂t and v̂t are

computed as:

m̂t = mt

1 − βt
1
, v̂t = vt

1 − βt
2
. (8.16)

The weights and biases are then updated using these corrected moments according to:

ω(t) = ω(t−1) − η
m̂t√
v̂t + ϵ

, (8.17)

where η is the learning rate and ϵ is a small constant introduced to prevent division by zero. The initial moments,

m0 and v0 are set to 0, and the parameters β1, β2 and ϵ are set to 0.99, 0.999 and 10−9 respectively [216]. The

adaptive nature of Adam allows for more efficient training by adjusting the learning rate based on the magnitude

of past gradients, leading to faster convergence compared to standard SGD, particularly in the presence of large

datasets.

Training a NN requires specifying a set of hyperparameters, including the learning rate, batch size, number of

epochs and number of layers. After each epoch, the performance of the model is evaluated on an independent

validation dataset to assess its ability to generalise. Although the network may perform well on the training

data, it can fail to generalise to unseen validation data, a phenomenon known as overtraining. Techniques are

therefore often introduced to obtain more generalised training.

One method is so-called L2 Regularization, also referred to as ridge regression. This technique adds a penalty

term to the loss function, proportional to the sum of the squared values of the weights:
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Lreg = L+ λ
∑

i

ω2
i , (8.18)

where L is the original loss, the index i represents the individual weights in the network and λ is a the regu-

larisation parameter. This way large weights are penalised, encouraging the model to prefer simpler solutions.

Another technique is dropout, which randomly deactivates a subset of neurons during each training iteration

to prevent reliance on specific nodes. Learning rate decay is also used, where the learning rate decreases over

time by a factor λd:

ηi+1 = ηi
1

1 + λd · i
. (8.19)

This allows the model to make larger updates initially and finer adjustments as it converges. In this analysis

λd is set constant at 0.001.

To further increase the robustness of the model, k-fold cross validation is used. In this method, the dataset

is partitioned into k equal subsets, known as folds. The model is trained k times, each time using a different

configuration of k− 2 subsets of data, and validated on a different validation subset. An additional subset is set

aside in each fold and used when applying the model for further physics analysis. This is known as the test set.

In this analysis k = 5. The 5-fold cross-validation approach not only improves generalisation but also enables

the entire dataset to be utilised for training. Table 8.7 illustrates how different parts of the dataset is utilised

for training, validation and testing in each fold.

Partition 1 Partition 2 Partition 3 Partition 4 Partition 5
Fold 1 Train Train Train Test Val
Fold 2 Train Train Test Val Train
Fold 3 Train Test Val Train Train
Fold 4 Test Val Train Train Train
Fold 5 Val Train Train Train Test

Table 8.7: The full dataset is partitioned into 5 folds for this analysis. For each fold, the train set is used for training
the model, the val set for validation, and the test set for testing. The test set from each fold is evaluated using the
corresponding trained model and subsequently used for the physics analysis.
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8.4.2 NN training and signal region selection

In this analysis the NN classifier is implemented with the FreeForestML package [217]. It based on

KERAS [218] with a TensorFlow [219] back-end. The baseline network configuration is the same across the

three channels, but each network is trained and tuned separately. Table 8.8 summarises the common configura-

tion and the tunable parameters of the model. The signal considered during the training stage is the SM VBF

Higgs processes, with reweighting applied only in the fitting stage detailed in Section 8.7.

Set network configuration
Loss function Binary cross-entropy Eq. 8.12
Optimizer ADAM (Adaptive Moment Estimation) Eq. 8.17
Hidden layer activation function ReLU (Rectified Linear Unit) Eq. 8.10
Output layer activation function Softmax Eq. 8.11

Tunable Hyperparameters
Number of hidden layers Tuned to optimise model complexity and performance
Number of nodes per layer Adjusted to balance model capacity and overfitting risk
Batch size Number of samples processed before model parameter updates
L2 regularisation parameter Controls the strength of the L2 penalty to prevent overfitting Eq. 8.18
Learning rate and decay Determines optimisation step size and its reduction over time Eq. 8.19

Table 8.8: Neural network configuration and tunable hyperparameters.

The considered input variables are those representing the final state, i.e variables built from Emiss
T , τ -leptons

and jets. Similar variables were used for the BDT employed by the partial Run 2 analysis [51] and for the

VBF tagger employed by the full Run 2 couplings analysis [213]. The list of input variables is summarised in

Table 8.9. In the table, Emiss
T -centrality refers to the the sum of the x- and y-components of the Emiss

T unit

vector in the transverse plane transformed such that the direction of the τ -lepton decays is orthogonal. It is

defined as:

Emiss
T -centrality√

2
= r + s√

r2 + s2
, r = sin(ϕ(Emiss

T ) − ϕ(τ0))
sin(ϕ(τ1) − ϕ(τ0)) , s = sin(ϕ(τ1) − ϕ(Emiss

T ))
sin(ϕ(τ1) − ϕ(τ0)) . (8.20)

The centrality of the τ -leptons with respect to the dijet system is defined as:

Cj0,j1(τi) = exp
[

−4
(ηj0 − ηj1)2

(
ητi − ηj0 + ηj1

2

)2
]
, (8.21)

where i refers to the leading or sub-leading τ−lepton. This variable has a value of unity when the τ -lepton is

halfway in η between the two jets, 1/e when the τ -lepton is aligned with one of the jets, and < 1/e when the

τ -lepton is not between the jets in η.

A larger number of events in the training phase improves NN network performance by reducing the impact of

statistical fluctuations and noisy data. Therefore, parts of the selection in Table 8.5 is removed to increase the

training statistics.
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Variable Description
ηj1 × ηj2 Product of η of the leading and sub-leading jets
pT(j0, j1) pT of the di-jet system
pT(j1) pT of the sub-leading jet
mvis

ττ Visible mass from two τ -candidates Eq. 8.6
m(τ, τ, j0) Visible mass from two τ -candidates and the leading jet
mMMC

ττ Invariant Higgs mass reconstructed using the MMC Ref.[85]
mT(τ0, E

miss
T ) Transverse mass from the leading τ -candidate and Emiss

T Eq. 9.2
mT(τ1, E

miss
T ) Transverse mass from the sub-leading τ -candidate and Emiss

T Eq. 9.2
∆Rττ Angular distance between the two τ -candidates
∆ηττ Angular distance in η-direction between the two τ -candidates
∆ϕττ Angular distance in ϕ-direction between the two τ -candidates
pT(τ0) + pT(τ1) Scalar sum of the two τ -candidate transverse momenta
pT(ττ) pT of the two τ -candidates system
pT(ττ, Emiss

T ) pT of the Higgs candidate
pT(ττ, j0, E

miss
T ) pT of the system of two τ -candidates, the leading jet and Emiss

T
pT(τ0)/pT(τ1) Ratio of transverse momenta of the two τ -candidates
∆pT(ττ)/ΣpT(τ) Ratio of pT difference and scalar sum of the two τ -candidates
Emiss

T -centrality Centrality based on ϕ-angle transformation of transverse plane Eq. 8.20
Emiss

T /pT(τ0) Ratio of Emiss
T and pT of leading τ -candidate

Emiss
T /pT(τ1) Ratio of Emiss

T and pT of sub-leading τ -candidate
Emiss

T,HPTO Emiss
T calculated from identified leptons and jets

∆ηjj Angular distance in η-direction between the two leading jets
mjj Invariant mass of the two leading jets
pT(ττ, j0, j1, E

miss
T ) pT of the two τ -candidates, the two leading jets and Emiss

T
pT(j2) pT of the third jet
Cjj(τ0) Centrality of the leading τ -candidate w.r.t. the two leading jets Eq. 8.21
Cjj(τ1) Centrality of the sub-leading τ -candidate w.r.t. the two leading jets Eq. 8.21
∆ϕ(H, j1) Angular distance in ϕ-direction between the Higgs candidate and sub-leading jet

Table 8.9: List of input variables used for training.

The following cuts are dropped in the training stage:

∆Reµ < 2.5

mjj > 350 GeV (Still applied for any pair of jets)

|∆ηjj | > 3

η(j0) × η(j1) < 0

Lepton centrality requirement

The composition of raw and weighted events used for training with the VBF and loosened selection is detailed

in Table 8.10. Loosening the selection increases signal statistics by a factor of 2 and background statistics by a

factor ranging from 6 to 12 depending on the background process.
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Process VBF Selection Loosened Selection Factor of
Raw Weighted Raw Weighted Increase

VBF H → ττ 70523 41.03 150097 86.86 2.13
VBF H → WW 20651 17.32 35811 34.09 1.73
Other Higgs 9536 14.98 52168 85.42 5.47
Z → ττ 52537 901.02 321436 16287.63 6.12
Z → ℓℓ 147 8.99 1447 62.79 9.84
Top 4403 175.95 44829 1790.61 10.18
Diboson 8287 64.70 100007 759.46 12.07
Fakes 2395 155.95 21304 1808.42 8.90
Total 168479 1380.40 727099 10915.30 4.32

Table 8.10: Composition of raw and weighted number of events per process after the VBF selection and with the loosened
selection, including the factor of increase in raw statistics. The processes classified as signal for NN training in the τℓτℓ

channel are VBF H → ττ and VBF H → WW processes. Other Higgs includes ggH, ttH, WH, and ZH processes.

Pre-Optimisation

Table 8.10 shows that there is class imbalance among the background processes. The Z → ττ process is

dominant, exceeding other backgrounds by a factor of 9. As a result, a binary classifier will primarily learn

to distinguishing between Z → ττ and signal processes. A multiclass classifier can however simultaneously

learn to separate between multiple background components, offering greater flexibility to the training process.

A baseline setup with the parameters listed in Table 8.11 is trained as a starting point prior to optimisation.

This enables studies on how the NN architecture affects expected sensitivity. Figure 8.11 presents the results

Parameter Value
Number of hidden layers 2
Number of nodes per layer 512
L2 tuning parameter 1.6 ×10−6

Learning rate 0.001
Batch size 256
Number of epochs 50

Table 8.11: Baseline parameter values used for the NN training.

of a study on the expected sensitivity obtained with the baseline setup using two output nodes (signal and

background), compared to the same setup with four output nodes. The results show a steeper ∆NLL curve

and hence a sensitivity gain when additional output nodes are introduced for the background processes. The

following classes are therefore selected as outputs, reflecting the dominant sources of background in the VBF

phase space:

Output node 1: Signal (VBF H → ττ and VBF H → WW )

Output node 2: Z → ττ
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Output node 3: Top (singletop and tt̄)

Output node 4: Other backgrounds (Primarily Fakes and Diboson)
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Figure 8.11: Comparison of the expected ∆NLL curves from the fit result, based on a signal region defined by the signal
NN output score for τℓτℓ, using a baseline setup with either two (black) or four (red) output nodes.

To asses the importance of the different input variables in training and potentially identify poorly performing

ones a permutation scan is performed. The network is initially trained with all variables in Table 8.9, and the

signal output score is scanned to find the cut that maximises the statistical significance metric, s/
√
s+ b. Each

variable is then independently shuffled randomly among events and the significance is recalculated. The per-

mutation importance is calculated as the the nominal significance (Signom) divided by the permuted significance

(Sigperm) for each variable:

I = Signom

Sigperm . (8.22)

Each variable is permuted five times, and the average significance is calculated. The ranking plot for the

variables based on permutation importance is shown in Figure 8.12. In general, all variables contribute to the

NN performance, with the largest performance gain coming from mjj and variables derived from τ -leptons

and jets. While some angular τ -lepton variables have a minimal impact, no variables degrade the network’s

performance. Therefore, all variables are kept.

The correlation matrix of the input variables, as well as their correlation to the four output scores can be seen

in Figure 8.13. Large correlations are expected since many of the variables are built from the same Emiss
T ,

τ -lepton and jet objects. The correlations are consistent with the variable importance, with mjj having the

largest correlation to the signal output score NNout
sig .
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Figure 8.12: Permutation importance ranking of the input variables used for training in the τℓτℓ channel. Importance
score larger than 1 indicate that the network performs better with the variable, and conversely scores less than 1 indicates
that the network performs worse with the variable. This boundary is illustrated by the red line.
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Figure 8.13: Correlation matrix of the input variables, including also the four output scores. The matrix visualises the
pairwise correlations between the variables, with positive correlations shown in red and negative correlations in blue.
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8.4.2. NN training and signal region selection

Optimisation of hyperparameters

To identify the hyperparameter values that gives the best performing model, a hyperparameter scan is performed

using the Optuna framework [220]. In Optuna, the objective function, f(x) is defined as the performance

metric to be optimised on a hyperparameter set x. In the case of this analysis, the objective function is given

by the statistical significance metric, s/
√
s+ b, obtained by scanning the signal output score for each trial.

The optimisation process involves evaluating this objective function over a search space X of hyperparameters,

where Optuna employs the Tree-structured Parzen Estimators (TPE) [221] algorithm to iteratively sample new

hyperparameters based on the performance of previous trials. Each trial represents a trained network using a

specific set of hyperparameters sampled from X . This allows for a more efficient search process than iteratively

varying each parameter separately like in a grid search. The goal is to maximise the objective function, thereby

improving the model’s ability to distinguish the signal from the background.

In total 200 trials were tested with the ranges of parameter values listed in Table 8.12. The trial with the

configuration of hyperparameters yielding the best performing network is chosen as the final model.

Parameter Scanned range or values Chosen value
Number of hidden layers [2-10] 3
Number of nodes per layer [128,256,512] 256
Batch size [128, 256, 512, 1024, 2048] 512
Learning rate [10−6 − 10−2] 0.001
L2 Regularisation [10−6 − 10−3] 2.36 × 10−6

Table 8.12: OPTUNA scanning parameters in the τℓτℓ channel. The chosen values represent the configuration that yields
the best performance.

The results of the scan can be seen in Figure 8.14. The significance for each trial is shown in blue, and the

red line tracks the best performing ones. A sharp improvement is observed during the early trials, followed

by a plateau where further gains become increasingly rare. After reaching this plateau, larger fluctuations are

expected due to the optimiser exploring more diverse regions of the hyperparameter space in search of potentially

better configurations. Notably, a small number of trials yield significance values close to 1.5, which indicates

poor signal–background separation. These trials likely correspond to suboptimal hyperparameter combinations

that significantly limit the network’s discriminating power, such as the use of overly shallow architectures,

inappropriate learning rates, or excessive regularisation.
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Figure 8.14: Results from the hyperparameter scan showing the significance (s/
√
s+ b) per trial (left) and the ranking

of the importance of the hyperparameters (right).

Final network and signal regions

The final network is chosen as the configuration with the best performing hyperparameters in Table 8.12.

Figure 8.15 shows the training and validation loss as a function of the number of epochs, along with the

confusion matrix summarising the predictions for the four output classes. The test and training losses follow

each other closely without significant divergence, suggesting stable training. The confusion matrix reveals that

the network is most efficient at identifying signatures coming from the signal and Z → ττ background. This is

expected since these two classes are the most statistical dominant.

0 10 20 30 40 50
epoch

0.0009

0.0010

0.0011

0.0012

0.0013

0.0014

0.0015

lo
ss

Training
Test

a) Loss

Pred Other Pred Top Pred Signal Pred Zττ

True Other

True Top

True Signal

True Zττ

0.32 0.30 0.12 0.26

0.23 0.57 0.06 0.14

0.11 0.04 0.71 0.13

0.19 0.04 0.09 0.68

b) Confusion matrix

Figure 8.15: The training and validation loss as a function of number of epochs (left) and the confusion matrix for the
4 output classes (right). In the matrix, each row represents the true class instances, while each column represents the
predicted class instances. The predicted class is assigned by selecting the argmax of the four outputs for each event.

To maintain consistency with the VBF phase space, the previously dropped cuts from training are reapplied

before defining SR cuts on the signal output score. The output score for the signal can be seen in Figure 8.16
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8.4.2. NN training and signal region selection

in the VBF inclusive region. The output scores for the three background classes can be seen in Figure 8.17.

Good agreement can be seen within uncertainty in the high NN signal score, with slight mismodelling (within

uncertainties) from the Z → ττ normalisation seen in the low NN signal score. Distributions are however

pre-fit, with no correction factors applied. The low NN signal score (<0.6) where s/b < 1% is defined as a VR

to validate the propagation of the background normalisation factors on the prediction.
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Figure 8.17: The NN output scores of the three background classes with the VBF selection applied. The uncertainty
band includes both statistical and systematic uncertainties.

While the statistical significance is a useful metric for assessing the overall performance of the network, it does
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8.4.2. NN training and signal region selection

not necessarily determine the optimal cuts, as the analysis is also sensitive to the choice of binning. To define the

final SR, a simplified fit setup, designed to replicate the full fit procedure described in Section 8.7, is performed

using the pyhf fitting framework [222].

The signal output score is scanned from 0.7 to 1.0 in increments of 0.01. For each score value, three fits are

carried out using MC statistical uncertainties only, corresponding to configurations of 8, 10, and 12 bins. The

binning is chosen such that the signal is equally distributed across the bins, as this approach was shown to yield

the most sensitive results in the VBF H → ZZ CP analysis [52]. The cut and binning that together yields the

smallest 68% confidence interval is chosen as the final high NN SR. This corresponds to 10 bins with a signal

NN score cut at 0.91, yielding a confidence interval length of 0.072.

There is however still signal present in-between the high NN SR and the low NN VR. Although this intermediate

region have a lower signal-to-background ratio, including it leads to a 6% improvement in the expected limits

and ensures that no data are discarded. The same procedure is therefore repeated, scanning the NN score from

0.65 to 0.91, resulting in a confidence interval of 0.5 corresponding to 10 bins and a signal NN score cut at 0.67

with an upper bound at 0.91. This defines the low NN SR. The event composition in the two SRs is summarised

in Table 8.13.

Process SR High NN > 0.91 SR Low NN ∈ [0.67, 0.91]
VBF H → ττ 18.42 ± 0.49 18.38 ± 0.39
VBF H → WW 5.45 ± 0.14 7.23 ± 0.14
Z → ττ 10.98 ± 0.27 90.18 ± 1.92
Z → ℓℓ 0.19 ± 0.01 0.95 ± 0.04
Top 3.03 ± 0.09 17.25 ± 0.34
ggH 1.26 ± 0.03 4.39 ± 0.10
VV 1.32 ± 0.04 7.11 ± 0.14
Fake 1.19 ± 0.03 20.67 ± 0.42
Total 41.87 ± 1.08 166.22 ± 3.46
S/B 1.34 0.18

Table 8.13: Background composition in the τℓτℓ channel after applying the optimal NN signal score cut for the high
(left) and low (right) NN SRs. The uncertainties are statistical only.

As a final check, a test is conducted to verify that the NN signal score is not biased to CP-odd effects and

does not depend on d̃. The NN is evaluated with the SM hypothesis (d̃=0) and two BSM CP-mixing scenarios

(d̃ = ±0.15), corresponding to the the maximum variations used in the final fit. This is shown in Figure 8.18.

Other than some small variations in individual bins, no dependence on d̃ is visible.
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8.5 Background estimation

The main background source in this analysis is coming from Z → ττ + jets events. These events share the

same signature as the Higgs signal and are kinematically very similar. They constitute approximately 65% of

the background in both SRs. Events are estimated with MC, but is corrected with a data-driven procedure

called object-level-embedding.

The second most dominant background component originates from either misidentified leptons or top quark

processes, depending on the region. Misidentified leptons, commonly referred to as fakes, occur when jets or

photons are incorrectly identified as electrons or muons. Their contribution is estimated from data, as MC

predictions for such processes are generally unreliable. Overall, they account for around 8% of the background

in the high NN SR and 15% in the low NN SR.

The top background correspond to tt̄, tW , and single-top processes. Although these processes are significantly

suppressed by the requirement of a b-veto in the signal selection, some events still enter the SRs. They constitute

roughly 17% of the background in the high NN SR and 12% in the low NN SR. Their estimation relies on MC,

but a top CR is defined to control the normalisation.

All remaining backgrounds are modelled directly using MC, since their contributions are small.
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8.5.1. Z+jets background

8.5.1 Z+jets background

Since Z → ττ+ jets is the main background, good modelling is important for the analysis. However, due to

the kinematic similarity to H → ττ events, it is challenging to define a pure signal-free CR to control the

Z → ττ normalisation. Instead, a data-driven method called object level embedding was developed during Run

1 to improve the modelling of these processes [223]. However, due to mandatory changes to the reconstruction

software some changes were implemented for Run 2. The Run 2 method is based on the fact that Z → ℓℓ and

Z → ττ are kinematically identical processes at truth-level. This means that it is possible to obtain a template

for Z → ττ events by substituting leptons (e/µ) with τ -leptons in Z → ℓℓ events. This template can then be

used to constrain the Z → ττ MC in a CR without having issues with signal contamination. The method starts

with defining two regions:

Source region: Used to select Z → ℓℓ events in data.

Target region: Used to select events after the embedding procedure.

The source region is looser and completely covers the phase space of the target region. The selection of the

source region is summarised in Table 8.14. The target region is obtained with the same selection as the SRs,

since this is where the procedure will be applied in the end.

Requirement Value
Nℓ 2 OS Same Flavour (e+e−/µ+µ−)
pℓ

T [GeV] e: 15 / 27 (if trigger matched)
µ: 10/27.3 (if trigger matched)

ID Medium
Isolation e: Loose_VarRad

µ: TightTrackOnly_VarRad
mvis

ℓℓ > 80 GeV
∆Rℓℓ < 2.5
|∆ηℓℓ| < 1.5

Table 8.14: Selection criteria for the Z → ℓℓ Embedding Source Region.

The events in the source region are corrected through an unfolding procedure to remove detector effect. Un-

folding means that an inverse transformation of efficiency maps related to the object reconstruction are applied,

allowing for a truth-level approximation of the reco-level objects. This is needed since the kinematic equivalence

of Z → ℓℓ and Z → ττ events is only valid at truth-level. Efficiency maps are computed using Z → ℓℓ MC with

correction factors that account for trigger, reconstruction, ID/isolation and charge flip efficiency. All the maps

are parametrised in pT and η. Figure 8.19 shows the trigger efficiency maps for electrons and muons. After the
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Figure 8.19: Trigger efficiency maps for electrons (left) and muons (right) parametrised in pT and η.
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τ -lepton decay channels.

unfolding procedure the leptons are substituted with τ−leptons. The decay mode of each substituted τ -lepton

is chosen at random, such that τe, τµ and τhad decays are equally probable.

The pT of the substituted τ -lepton is corrected to account for the invisible part of the decay. This correction

is implemented using scale factors derived from the ratio of the visible reconstructed pT of the τ -lepton to its

truth-level pT. These ratios form a probability distribution for each decay mode of the τ -lepton, as shown in

Figure 8.20. For each event, a correction factor is randomly sampled from the corresponding distribution and

applied to the substituted τ−lepton. The spike at zero in the distribution originates from τ -leptons that are

not reconstructed. To ensure that both substituted τ -leptons are reconstructed with pT above the threshold

required by the analysis selection, each event is repeatedly sampled until a valid configuration is found. A
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8.5.1. Z+jets background

maximum of 10 iterations is imposed to limit the computation time. The correction factors are applied to the

substituted τ -lepton pT, and Emiss
T is subsequently recomputed. Specifically, the pre-embedding four-vectors

are added to Emiss
T , while the post-embedding four-vectors are subtracted. All other variables that depend on

Emiss
T and τ -lepton pT are then updated accordingly. Finally, the efficiency maps are reapplied in the reverse

procedure, referred to as folding. The reconstruction, identification, isolation, and charge-flip efficiencies are

applied again, based on the decay channel of the new τ -lepton, using the updated pT and η. These events can

now be used to construct a Z → ττ template in both data and MC and subsequently be applied in the analysis

phase space by implementing the appropriate selection.

The method is validated in simulation by applying the embedding procedure to Z → ℓℓ MC and comparing

the result with the nominal Z → ττ MC in the VBF-inclusive region. This comparison, shown in Figure 8.21,

demonstrates good agreement across most bins. In the final fit model, two CRs, each corresponding to the

selection of the two SRs, are defined to constrain the Z → ττ normalisation. These CRs utilise embedded MC

calibrated to embedded data, and a common normalisation factor is propagated to the SRs. Any discrepancies

between the nominal and embedded Z → ττ templates is treated as a systematic uncertainty.
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Figure 8.21: Validation distributions in the VBF inclusive region for the embedding procedure in Emiss
T (left) and pT

(τ0) (right) using events from the τℓτℓ channel. The nominal Z → ττ MC is shown in blue, the nominal Z → ℓℓ MC in
green and the embedded Z → ℓℓ events in red.

To validate the application of the embedding procedure in data a fit is performed in the low NN VR. This

region inverts the requirement on the NN score used to obtain the SRs, and does not have significant signal

contamination. This way the assessment of the modelling after the fit can be isolated by fitting the background

processes only, with Z → ττ being the dominant component. Figure 8.22 shows the distribution of the Optimal

Observable in the low NN VR before and after the fit. The corresponding embedded Z → ℓℓ MC and data

in the embedded CR can be seen in Figure 8.23. The fit corrects the Z → ℓℓ embedded MC to data in a CR
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8.5.1. Z+jets background

following the same kinematic selection as the VR, and propagates this normalisation factor to the VR. The

normalisation factor is estimated to be NFEmbVR
Zττ = 0.91 ± 0.09. Applying this normalisation factor to the

Z → ττ background in the low NN VR corrects the normalisation and leads to better background modelling in

all bins of the Optimal Observable.
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Figure 8.22: Distribution of the Optimal Observable in the low NN VR before (left) and after (right) the fit. The Z → ττ
correction factor is obtained from normalising the Z → ℓℓ embedding MC to data in a CR following the same.
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Figure 8.23: Embedded Z → ℓℓ MC and data in the embedded Z → ℓℓ CR before (left) and after (right) the fit. Weighted
data means that the embedding procedure is applied. Embedded background corresponds processes other than Z → ℓℓ
that are present in the source region.
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8.5.2 Fake background

The two leptons considered in this analysis are based on the identification criteria detailed in Section 8.3 and

mainly originate from the di-τ decay of the Z or Higgs boson. These are genuine leptons and will be referred

to prompt or real leptons in the following. There are however also non-prompt and non-leptonic particles that

may satisfy these same selection criteria, giving rise to what is referred to fake leptons. In the case of electrons,

these include contributions from semi-leptonic decays of b- and c-quarks, photon conversions and jets with large

electromagnetic energy. Non-prompt or fake muons can originate from semi-leptonic decays of b- and c-quarks,

from charged hadron decays in the tracking volume or in hadronic showers, or from punch-through particles

emerging from high-energy hadronic showers [224]. In events with two leptons the fake background is dominated

by W+jets and semi-leptonic tt̄ events, with a fake lepton in addition to the real one, and more rarely events

with two fake leptons.

MC simulation for these processes is usually not well modelled, so in this analysis estimation is taken from data

using the Matrix Method [224]. The method requires two sets of selection criteria, namely Loose and Tight.

Tight corresponds to the same isolation and ID criteria as the signal leptons while Loose is less restrictive. The

two sets of requirements for electrons and muons are summarised in Table 8.15.

Requirement Electron Muon
Tight Loose_VarRad isolation and Medium ID TightTrackOnly_VarRad isolation and Medium ID
Loose No isolation and Loose ID No isolation and Medium ID

Table 8.15: Selection criteria for loose and tight electrons and muons used for the fake estimation.

These two working points can the be used to define two probabilities. The probability for a real lepton to pass

the Tight selection criteria is evaluated using truth-matched MC and is referred to as the real efficiency, ϵr:

ϵr =
NMCT ruth

T ight

NMCT ruth

Loose

. (8.23)

The probability for a fake lepton to pass the Tight selection criteria is evaluated using truth-matched MC

subtracted from the data and is referred to as the fake efficiency, ϵf :

ϵf =
NData

T ight −NMCT ruth

T ight

NData
Loose −NMCT ruth

Loose

. (8.24)

The truth-matching is done with the TruthClassification package provided by the ATLAS isolation fake

forum, where leptons are assigned to different background categorises depending on their truth record. A

lepton is considered truth-matched if its truth category corresponds class 2 (prompt electrons), class 3 (charge-

flip electrons), class 4 (prompt muons), class 6 (electrons from muons) or class 11 (charge-flip muons). Using the
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real and fake efficiencies, relations can be obtained from the observed event counts as functions of the number

of events containing fake-fake (Nff ), fake-real (Nfr), real-fake (Nrf ) and real-real (Nrr) lepton pairs. This can

be expressed as a matrix: 

NT T

NT L

NLT

NLL


=



ϵrϵr ϵrϵf ϵf ϵr ϵf ϵf

ϵr ϵ̄r ϵr ϵ̄f ϵ̄f ϵr ϵf ϵ̄f

ϵ̄rϵr ϵ̄rϵf ϵ̄f ϵr ϵ̄f ϵf

ϵ̄r ϵ̄r ϵ̄r ϵ̄f ϵ̄f ϵ̄r ϵ̄f ϵ̄f





Nrr

Nrf

Nfr

Nff


, (8.25)

where ϵ̄ = 1 − ϵ. The number of fake signal leptons can be determined by projecting the first row of the matrix

onto the vector, only considering events containing at least one fake lepton:

Nfake
T T = ϵrϵfNrf + ϵf ϵrNfr + ϵf ϵfNff . (8.26)

Direct measurements of real and fake leptons cannot be obtained from data. These can however be computed

from the real and fake efficiencies by inverting the matrix:

M−1 = 1
(ϵr,1 − ϵf,1) (ϵr,2 − ϵf,2)



ϵ̄f,1ϵ̄f,2 ϵ̄f,1ϵf,2 −ϵf,1ϵ̄f,2 ϵf,1ϵf,2

−ϵ̄f,1ϵ̄r,2 ϵ̄f,1ϵr,2 −ϵf,1ϵ̄r,2 −ϵf,1ϵr,2

−ϵ̄r,1ϵ̄f,2 ϵ̄r,1ϵf,2 −ϵ̄r,1ϵ̄f,2 −ϵr,1ϵf,2

ϵ̄r,1ϵ̄r,2 −ϵ̄r,1ϵr,2 −ϵr,1ϵ̄r,2 ϵr,1ϵr,2


, (8.27)

where the numbering scheme corresponds to if the efficiency is applied to the first or second lepton. This

inverted matrix can then be applied to the Loose and Tight leptons in data to obtain an estimate for the fake

events passing the tight requirement:

Nfake
T T = ϵr,1ϵf,2Nrf + ϵf,1ϵr,2Nfr + ϵf,1ϵf,2Nff

= α [ϵr,1ϵf,2 (ϵf,1 − 1) (1 − ϵr,2) + ϵf,1ϵr,2 (ϵr,1 − 1) (1 − ϵf,2) + ϵf,1ϵf,2 (1 − ϵr,1) (1 − ϵr,2)]︸ ︷︷ ︸
wT T

NT T

+ αϵf,2ϵr,2 [ϵr,1 (1 − ϵf,1) + ϵf,1 (1 − ϵr,1) + ϵf,1 (ϵr,1 − 1)]︸ ︷︷ ︸
wT L

NT L

+ αϵf,1ϵr,1 [ϵf,2 (1 − ϵr,2) + ϵr,2 (1 − ϵf,2) + ϵf,2 (ϵr,2 − 1)]︸ ︷︷ ︸
wLT

NLT

− αϵf,1ϵf,2ϵr,1︸ ︷︷ ︸
wLL

ϵr,2NLL,

(8.28)

where wT T , wT L, wLT and wLL are the weights applied to data depending on the Loose/Tight configuration of

the lepton pair.
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8.5.2. Fake background

The real and fake efficiencies are computed separately for muons and electrons, using two regions designed to

be enriched in real and fake leptons, respectively. Both regions are defined with a loosened selection criteria.

The Real region requires two opposite-sign leptons, while the Fake region require same-sign leptons. In each

region only the targeted lepton is truth-matched, but in the Fake region an additional lower bound is required

for the pT of the second lepton to suppress contribution from fake processes such as W+jets. An electron pT

threshold at 25 GeV is required in the muon Fake region and a muon pT threshold at 30 GeV is required in the

electron Fake region. The selection used for defining the the two regions is summarised in Table 8.16.

Real region Fake region
1 e & 1 µ (OS) 1 e & 1 µ (SS)
Emiss

T > 20 GeV Emiss
T > 20 GeV

At least 2 jets with mjj > 200 GeV At least 2 jets with mjj > 200 GeV
At least 1 jet with pT > 30 GeV At least 1 jet with pT > 30 GeV
b-veto b-veto
— pT (e) > 25 GeV or pT (µ) > 30 GeV

Table 8.16: Real and fake regions used to compute efficiencies.

The efficiencies depend on the lepton kinematics and are therefore binned in pT and η. However, the muon fake

efficiency is only binned in pT to reduce statistical uncertainties as minimal dependence on η was observed. For

electrons the η from the electron cluster is used to properly reject the calorimeter crack in the transition region

(|η| ∈ [1.37, 1.52]). The real efficiency plots can be seen in Figure 8.24 and the fake efficiency plots can be seen

in Figure 8.25.
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Figure 8.24: Real efficiency histograms for electrons (left) and muons (right) binned in pT and η.

The fake estimation from the Matrix Method is validated in a same-sign VR. This region follows the same

selection criteria as the VBF inclusive region, except that the opposite-sign requirement on the lepton charges

is replaced with a same-sign condition. Figure 8.26 shows the MMC mass and the Optimal Observable. Addi-
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8.5.3. Top background
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Figure 8.25: Fake efficiency histograms for electrons (left) and muons (right). The electron efficiency histogram is binned
in pT and η and the muon efficiency is binned in pT only.

tionally, Figure 8.27 shows pT distributions for the electron, muon and dijet system. Overall, good agreement

is observed across the final state and in the CP-odd observable. Any non-closure is incorporated as a shape-

dependent systematic uncertainty based on the closure in the Optimal Observable.
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Figure 8.26: Distributions for mMMC
ττ (left) and the Optimal Observable (right) in the VBF SS VR. The uncertainty

band includes both statistical and fake related systematic uncertainties
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Figure 8.27: Distributions for the electron pT (left), muon pT (middle) and the pT of the dijet system (right) in the VBF
SS VR. The uncertainty band includes both statistical and fake related systematic uncertainties

8.5.3 Top background

The normalisation of the top background in the τℓτℓ channel is constrained by a normalisation factor derived

from a dedicated top CR. In the τℓτℓ channel, the top CR is defined relative to the VBF inclusive region by

inverting the b-veto. In both the SRs and the top CR, tt̄ has a dominant contribution of at least ≥ 85%.

0 50 100 150 200 250 300

 [GeV]MMC
ττM

0.5

0.75

1

1.25

 

D
at

a 
/ P

re
d. 0

50

100

150

200

250

300

350

400E
ve

nt
s

-1 = 13 TeV, 140.1 fbs

lepτlepτ →H 

Data VBFH
ττ →Z  ll→Z 

Top Other Bkg
Fake UncertaintyVBF Top CR

a) mMMC
ττ

15− 10− 5− 0 5 10 15

1OO

0.5

0.75

1

1.25

 

D
at

a 
/ P

re
d. 0

200

400

600

800

1000

1200

1400E
ve

nt
s

-1 = 13 TeV, 140.1 fbs

lepτlepτ →H 

Data VBFH
ττ →Z  ll→Z 

Top Other Bkg
Fake UncertaintyVBF Top CR

b) Optimal Observable

Figure 8.28: Distributions of mMMC
ττ (left) and the Optimal Observable (right) in the τℓτℓ top CR. The uncertainty band

include statistical and systematic uncertainties.

Since the nominal fake estimate relies on a b-veto for the calculation of real and fake efficiencies, the fake

leptons must be re-estimated. This selection is inverted for the Real and Fake regions, and the efficiencies are

recomputed and reapplied to data in the top CR. The fraction of top events relative to the total expected yield
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8.6. Systematic uncertainties

is approximately 81%, with a negligible signal contribution. The modelling in the top CR is shown in Figure

8.28 for mMMC
ττ and the Optimal Observable. However, for the final fit configuration, only a single-bin region is

considered.

8.6 Systematic uncertainties

Systematic uncertainties from various sources influence the VBF H → ττ CP measurement. These sources

affect both the signal and background prediction and are classified into three categories based on their origin:

1 Theoretical uncertainties are uncertainties related to the choice of MC generator and the specific

theoretical parameters set in the simulation.

2 Experimental uncertainties are uncertainties related to the detector performance and the reconstruc-

tion and calibration of the physics objects used in the analysis.

3 Data-driven uncertainties are uncertainties related to the modelling of the data-driven techniques used

in the analysis for estimating the fake and embedded Z → ℓℓ background.

Systematic uncertainties are evaluated from variations and comparing the resulting distributions to the nominal

prediction. A general overview of how systematic uncertainties are incorporated into the likelihood model is

provided in Chapter 7. Technically, they can be classified into two categories based on their implementation.

The first category consists of variations applied as alternative event weights, modifying the nominal weight

expression to account for systematic shifts. These variations affect both the overall normalisation and the shape

of certain distributions. The second category includes uncertainties that impact the kinematic properties of

reconstructed physics objects. These effects are typically implemented in dedicated samples, requiring a full

event reprocessing to recompute variables such as mMMC
ττ and the Optimal Observable. The resulting kinematic

shifts can lead to event migrations and changes in acceptance relative to the nominal prediction. For both

categories, the shifted distributions are compared to the nominal expectation, and the corresponding variations

are taken as the systematic uncertainty.

Furthermore, systematic uncertainties can either be provided as one or two variations. When two variations are

provided, they correspond to ±1σ shifts and are often referred to as up/down variations relative to the nominal

prediction. In some cases, particularly in regions with limited statistics, both variations may shift in the same

direction (either up or down). To address this, a two-sided symmetrisation procedure is often applied, where

the difference between the up and down variations is computed bin-by-bin, divided by two, and mirrored to
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8.6.1. Theoretical uncertainties

ensure that both variations are symmetrically distributed around the nominal prediction. In cases where only

a single variation is available, such as systematic uncertainties derived from alternative generators, a second

variation can be introduced as a mirrored version of the original.

8.6.1 Theoretical uncertainties

VBF signal and other Higgs processes

Theoretical uncertainties for the VBF H → ττ signal and other Higgs processes used this analysis are evaluated

following the guidelines of the LHC Higgs Cross-Section Working Group [44, 225]. These recommendations

ensure consistency across different Higgs boson analyses and provide a unified framework for combining results.

The uncertainties account for various sources, including PDFs, the strong coupling constant (αs), QCD scale

variations from missing higher order terms, parton shower modelling, and uncertainties associated with the

matrix element generator.

The PDF uncertainties are evaluated according to the most recent recommendations of the PDF4LHC15nlo

collaboration [209]. The PDF set comes with 30 eigenvector variations that are incorporated by modifying

the MC weights in a reweighting scheme applied within the Powheg Box event generator. Each resulting

variation is treated as an independent nuisance parameter (NP). The uncertainty from the strong coupling

constant is evaluated by varying the value of αs around its central value and combined with the PDF variations

as independent nuisance parameters in the fit model.

The QCD scale uncertainties, arising from missing higher-order terms in perturbation theory, are estimated

by varying the renormalization scale (µR) and factorization scale (µF ) by factors of 2 and 0.5 relative to

their nominal values. These variations are applied through internal reweighting in the Powheg Box event

generator. All seven possible combinations of µR and µF variations are considered simultaneously. The final

scale uncertainty is treated as a single nuisance parameter, determined by taking the envelope of these variations,

i.e., the maximum deviation from the nominal prediction.

Uncertainties associated with the modelling of the parton shower and underlying event are assessed by varying

the parton shower model while keeping the matrix element generator fixed. The nominal samples, generated

using the Pythia 8 parton shower generator, are compared to alternative samples produced with Herwig 7.

The resulting difference between the two samples is evaluated as the parton shower uncertainty. Uncertainties

related to the matrix element calculation are evaluated by varying the matrix element generator while keeping

the parton shower model unchanged. The nominal samples, generated with Powheg Box, are compared to
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8.6.1. Theoretical uncertainties

alternative samples produced using the MadGraph5_aMC@NLO matrix element generator. The resulting

difference between the two samples is evaluated as the matrix element uncertainty.

Z → ττ background

Several sources of uncertainty are considered for the Z → ττ background, including sources from PDFs, scale

variations, the CKKW matching scheme and QCD scale factors (QSF). Uncertainties from the scale variations

are handled in the same way as the Higgs processes. Z → ττ samples are generated using the Sherpa event

generator, which simultaneously handles the matrix element calculation and parton shower modelling. This

makes it challenging to disentangle the effects of these components and perform a reliable comparison with

alternative samples. A study done by the analysis in Ref. [201] investigated a comparison between Sherpa-

generated samples and those produced with MadGraph5_aMC@NLO , but this approach lead to very noisy

variations and significantly overestimated the associated uncertainties. Consequently, uncertainties related to

parton shower and matrix element modelling in Z → ττ have been omitted in this analysis.

The uncertainties from the PDF is estimated using 100 weight variations provided by the NNPDF3.0nnlo

PDF set in the Sherpa simulation [205]. The difference of each variation Ni and nominal prediction N0 is

calculated and the standard deviation is evaluated as the the uncertainty. The uncertainties on the strong

coupling constant are obtained by varying αs around its central value.

The uncertainty associated with the choice of PDF is evaluated by comparing the nominal prediction from

NNPDF3.0nnlo with two alternative PDF sets: MMHT2014nnlo [226] and CT14nnlo [227]. An envelope

is constructed from these alternative predictions, and the uncertainty is taken as the maximum deviation from

the nominal prediction within this envelope.

Uncertainties related to jet-parton merging (CKKW) and the resummation scale (QSF) used in the Sherpa

generation are evaluated by using a truth-level parametrisation as a function of jet multiplicity and pT(Z).

Top background

Several sources of uncertainty are considered for the tt̄ and single-top backgrounds, including contributions from

PDFs, initial-state radiation (ISR), final-state radiation (FSR), parton shower modelling, and matrix element

calculations. The uncertainty from PDFs is evaluated similarly to previous cases, based on the 30 eigenvariations

in the chosen PDF set. Uncertainties related to parton shower modelling and matrix element calculations are

assessed by comparing the same two generators used for the Higgs processes.
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Effects from ISR and FSR can lead to higher jet multiplicity and jet energies than the hard process. The

uncertainties are evaluated by varying different parameters in the simulation, like µR, µF and hdamp [206]. This

leads for an increase or decrease of the amount of QCD radiation with respect to the nominal prediction. The

effect from FSR is parametrised as event weights in the nominal tt̄ and single-top samples, while the effect from

ISR is parametrised in alternative samples. The resulting difference with respect to the nominal prediction is

taken as the uncertainty.

8.6.2 Experimental uncertainties

Experimental systematic uncertainties quantifies the limitations in the precision and accuracy of detector simu-

lation. The different reconstruction and calibration techniques leads to several sources of systematic uncertainty

for each physics object.

Electrons

The electron uncertainties are estimated using the techniques described in Ref. [168]. These uncertainties arise

from several sources, including energy resolution and scale factors associated with trigger efficiency, reconstruc-

tion, identification, and isolation. The uncertainties in the electron energy scale and resolution are incorporated

into the analysis through two nuisance parameters, which account for variations across different η regions and

energy ranges. Table 8.17 summarise the different sources of electron systematic uncertainty considered in this

analysis.

Nuisance Parameter Description
EG_RESOLUTION_ALL Energy resolution uncertainty
EG_SCALE_ALL Energy scale uncertainty
EL_EFF_ID_TOTAL_1NPCOR_PLUS_UNCOR Identification efficiency uncertainty
EL_EFF_Iso_TOTAL_1NPCOR_PLUS_UNCOR Isolation efficiency uncertainty
EL_EFF_Reco_TOTAL_1NPCOR_PLUS_UNCOR Reconstruction efficiency uncertainty
EL-CHARGEID-STAT, EL-CHARGEID-SYS Charge identification uncertainty
EL_EFF_Trigger_TOTAL_1NPCOR_PLUS_UNCOR Trigger efficiency uncertainty
EL_EFF_TriggerEff_TOTAL_1NPCOR_PLUS_UNCOR Trigger scale-factor uncertainty

Table 8.17: Summary of electron-related systematic uncertainties in the analysis.

Muons

The muon uncertainties are estimated using the techniques described in Ref. [173]. These arise from various

factors, including momentum scale and resolution, as well as scale factors related to trigger efficiency, recon-
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struction, and isolation. These uncertainties account for effects such as track resolution, overall momentum

calibration, and charge-dependent momentum scale corrections. Additionally, statistical and systematic un-

certainties influence the scale factors applied to trigger, reconstruction, and isolation efficiencies. Table 8.18

summarise the different sources of muon systematic uncertainty considered in this analysis.

Nuisance parameters Description
MUON_ID Inner detector resolution uncertainty
MUON_MS Muon spectrometer resolution uncertainty
MUON_SAGITTA_RESBIAS Track resolution uncertainty
MUON_SAGITTA_RHO
MUON_SCALE Momentum scale uncertainty
MUON_EFF_RECO_STAT Reconstruction efficiency uncertainty
MUON_EFF_RECO_STAT_LOWPT
MUON_EFF_RECO_SYS
MUON_EFF_RECO_SYS_LOWPT
MUON_EFF_ISO_STAT Isolation efficiency uncertainty
MUON_EFF_ISO_SYS
MUON_EFF_TrigStatUncertainty Trigger efficiency uncertainty
MUON_EFF_TrigSystUncertainty

Table 8.18: Summary of the muon-related nuisance parameters considered in the analysis.

Tau leptons

The hadronic τ -lepton uncertainties are estimated using the techniques described in Ref. [184]. These arise

from various sources, including energy scale, reconstruction efficiency, and identification efficiency. Additionally,

identification efficiency uncertainties are based on comparisons of τ -lepton identification in data and MC samples,

and trigger efficiency uncertainties are derived from comparing data and simulation for different years. Table 8.19

summarises the different sources of hadronic τ -lepton systematic uncertainty considered in this analysis.

Jets

The jet uncertainties are estimated using the techniques described in Ref. [177]. These arise from various sources,

including JES and JER uncertainties. The JES uncertainties are divided into several categories, including

statistical, mixed, modelling, and detector uncertainties. JER uncertainties account for differences between data

and MC in various regions of phase space. Additional uncertainties arise from factors such as inter-calibration,

punch-through effects, pile-up subtraction, and single particle responses. Flavour-related uncertainties are

included to account for variations in jet flavour composition and response. Furthermore, uncertainties in JVT

and b-tagging are considered, with separate contributions for b, c, and light flavour jets. Table 8.20 summarises

the different sources of jet systematic uncertainty considered in this analysis.
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Nuisance Parameter Description
TAUS_TRUEHADTAU_SME_TES_INSITUEXP Energy scale uncertainty
TAUS_TRUEHADTAU_SME_TES_INSITUFIT
TAUS_TRUEHADTAU_SME_TES_DETECTOR
TAUS_TRUEHADTAU_SME_TES_MODEL_CLOSURE
TAUS_TRUEHADTAU_SME_TES_PHYSICSLIST
TAUS_TRUEHADTAU_EFF_RECO_TOTAL Reconstruction efficiency uncertainty
TAUS_TRUEHADTAU_EFF_RNNID_1PRONGSTATSYSTPT2025 Identification efficiency uncertainty
TAUS_TRUEHADTAU_EFF_RNNID_1PRONGSTATSYSTPT2530
TAUS_TRUEHADTAU_EFF_RNNID_1PRONGSTATSYSTPT3040
TAUS_TRUEHADTAU_EFF_RNNID_1PRONGSTATSYSTPTGE40
TAUS_TRUEHADTAU_EFF_RNNID_SYST
TAUS_TRUEHADTAU_EFF_RNNID_HIGHPT
TAUS_TRUEHADTAU_EFF_TRIGGER_STATDATA161718 Trigger efficiency uncertainty
TAUS_TRUEHADTAU_EFF_TRIGGER_STATMC161718
TAUS_TRUEHADTAU_EFF_TRIGGER_SYST161718
TAUS_TRUEHADTAU_EFF_TRIGGER_SYSTMU161718
TAUS_TRUEHADTAU_EFF_TRIGGER_STATDATA2018
TAUS_TRUEHADTAU_EFF_TRIGGER_STATMC2018
TAUS_TRUEHADTAU_EFF_TRIGGER_SYST2018
TAUS_TRUEHADTAU_EFF_TRIGGER_SYSTMU2018
TAUS_TRUEELECTRON_EFF_ELEBDT_STAT Electron veto uncertainty
TAUS_TRUEELECTRON_EFF_ELEBDT_SYST

Table 8.19: Summary of the nuisance parameters related to hadronically decaying τ -leptons considered in the analysis.

Missing transverse energy

The uncertainties on Emiss
T arise from the soft term calibration and are estimated using the techniques described

in Ref. [189]. These include uncertainties related to the resolution of the soft term in both the parallel and

perpendicular components relative to the beam axis, as well as uncertainties related to the energy scale of

the soft term. The different sources Emiss
T systematic uncertainty considered in this analysis is summarised in

Table 8.21.
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Nuisance Parameter Description
JET-EffectiveNP-Statistical[1-6] Energy scale uncertainty
JET-BJES-Response
JET-EtaIntercalibration-Modelling
JET-EtaIntercalibration-Modelling-2018data
JET-EtaIntercalibration-TotalStat
JET-EtaIntercalibration-NonClosure-highE
JET-EtaIntercalibration-NonClosure-negEta
JET-EtaIntercalibration-NonClosure-posEta
JET-SingleParticle-HighPt
JET-EffectiveNP-Mixed[1-3]
JET-Pileup-OffsetMu Pile-up subtraction uncertainty
JET-Pileup-OffsetNPV
JET-Pileup-PtTerm
JET-Pileup-RhoTopology
JET-EffectiveNP-Modelling[1-4] Calibration uncertainty
JET-EffectiveNP-Detector[1-2]
JET-JER-EffectiveNP-[1-12] Energy resolution uncertainty
JET-JER-DataVsMC
JET-PunchThrough-MC16 Punch-through uncertainty
JET-Flavor-Composition Flavour composition uncertainty
JET-Flavor-Response Flavour response uncertainty
JET-JvtEfficiency Jet vertex tagger efficiency uncertainty
JET-fJvtEfficiency Forward jet vertex tagger efficiency uncertainty
FT-EFF-Eigen-B-[0-2] b-tagging uncertainty
FT-EFF-extrapolation
FT-EFF-Eigen-C-[0-2] c-tagging uncertainty
FT-EFF-extrapolation-from-charm
FT-EFF-Eigen-Light-[0-3] Light flavour tagging uncertainty
FT-EFF-Eigen-Light-4

Table 8.20: Summary of the different sources of jet systematic uncertainty. The systematic sources containing brackets
are parametrised as multiple nuisance parameters.

Nuisance Parameter Description
MET-SoftTrk-ResoPara Resolution uncertainty (parallel component)
MET-SoftTrk-ResoPerp Resolution uncertainty (perpendicular component)
MET-SoftTrk-Scale Soft track energy scale uncertainty

Table 8.21: Summary of the different sources of MET systematic uncertainty.
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8.6.3 Uncertainties for data-driven background estimation

Modelling uncertainties arise from both the object-level embedding procedure and the fake estimation using the

matrix method. Both methods are detailed in Section 8.5.

Object level embedding uncertainties

In the embedding procedure, several sources of systematic uncertainty are considered. All experimental sys-

tematic uncertainties described previously are propagated to the embedded sample. Additionally, the impact

of experimental systematics on the efficiency and unfolding/folding maps used in the embedding procedure

is evaluated. A separate map is computed for each systematic variation, and the embedding procedure is re-

peated accordingly. These uncertainties account for lepton/τ -lepton trigger efficiency, electron and muon energy

scale and resolution, electron isolation efficiency, muon reconstruction efficiency, and τ -lepton reconstruction

efficiency.

Finally, a closure systematic is evaluated by comparing the embedded Z → ℓℓ MC to the nominal Z → ττ

MC in the CRs. This is the main source of uncertainty from the embedding procedure, and can be seen in

Figure 8.29.

a) CR high NN b) CR low NN

Figure 8.29: Closure systematic uncertainty in the high and low NN embedding CRs. These regions follow the same
selection as the SRs, but with embedded MC and data. The embedded Z → ℓℓ prediction is indicated in black, and the
nominal Z → ττ MC prediction is indicated in red, with a one-sided symmetrisation procedure being applied to obtain
the mirrored symmetrisation indicated in blue.
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Fake uncertainties

Uncertainties related to the fake estimation arise from statistical uncertainties, flavour composition and prompt

lepton contribution for the simulated events used to compute the real and fake efficiencies. Additionally, the

statistical uncertainties on the efficiencies themselves are propagated to the estimated fake sample.

Uncertainties related to the statistical precision of the efficiencies are evaluated by varying the real electron,

real muon, fake electron, and fake muon efficiencies up and down within their statistical uncertainties, and

recomputing the fake estimate. This procedure results in four separate uncertainty components.

In the fake estimation procedure prompt leptons are subtracted in order to isolate the fake contribution in

data. To evaluate the uncertainty on the prompt component, the normalisation of truth-matched MC is varied

up/down by 30% in the electron and muon Fake region. The efficiencies are re-computed separately for electrons

and muons and the resulting variations in the estimated fake samples with respect to nominal is taken as the

uncertainty. This results in two uncertainties on the final estimation.

The flavour composition in the Fake region used to derive efficiencies differs from the SRs where they are applied.

To account for this uncertainty, fake efficiencies are recalculated using a selection that requires a b-jet instead of

a b-veto. This modification increases the heavy flavour content, leading to significantly different efficiencies. The

procedure is performed separately for muons and electrons, introducing two uncertainties on the final estimate.

While this approach may not fully capture the flavour transition between SS and OS regions, it provides a

conservative uncertainty that covers and slightly overestimates these effects.

Real efficiencies are derived in regions with a looser selection than the VBF inclusive region, using Z → ℓℓ,

top, and diboson events. To assign an uncertainty, efficiencies are recalculated using the inclusive VBF SR

selection. This procedure is performed separately for muons and electrons, resulting in two uncertainties in the

final estimate.

The closure in the VBF SS VR is evaluated by comparing the fake estimate with data. The deviations per bin

in the Optimal Observable (Figure 8.26 b) is propagated to the SRs and evaluated as a systematic uncertainty.

8.7 Fit model

To obtain the best estimates and uncertainties for the EFT parameters (d̃, cHW̃ , cHB̃ and cHW̃ B) maximum

likelihood fits are performed. Each parameter is fitted separately where the POI in the fit model is set accord-

ingly. The general fit setup follows the procedure described in Section 7.2 where the negative log likelihood is
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computed in the ranges summarised in Table 8.22. The ranges differ based on the measured EFT parameter,

reflecting the sensitivity of the analysis to the parameter. The signal points used to construct samples for BSM

scenarios in these ranges are obtained with the reweighting procedures described in Section 8.1.3. The difference

in the computed likelihood between each point and the minimum is calculated, and interpolated to construct

a ∆NLL curve. The minimum of the curve corresponds to the best fitted and central value of the measured

POI. The 68% and 95% confidence intervals are extracted from where the curve intersects the values 0.5 and

1.92 respectively. This approximately corresponds to the 1σ and 2σ uncertainty bands on the measurement.

Measurements of the EFT parameters therefore implies finding the best fit value of the POI (µ̂) and its 68%

and 95% confidence interval:

[µ̂− σµ̂, µ̂+ σµ̂], (8.29)

The fits are implemented in the TrexFitter [228] (internal) framework developed by ATLAS, which is built

from the HistFactory [192] and RooStats [193] packages.

POI (EFT parameter) Number of scan points Range [min, max]
d̃ 121 [-0.15, 0.15]
cHW̃ 121 [-5.0, 5.0]
cHB̃ 121 [-20.0, 20.0]
cHW̃ B 121 [-20.0, 20.0]

Table 8.22: Ranges used to compute the maximum likelihood for each measured EFT parameter.

Figure 8.30 shows the predicted SM distribution alongside the two endpoints of the range (d̃ = ±0.15) used

in the ∆NLL scan, illustrating how the shape evolves with d̃ in the high NN SR. The shape effects from the

Warsaw basis parameters follow a similar pattern. To ensure that the analysis remains sensitive only to changes

in the shape from the interference term in Eq. 3.18, and not to the overall normalisation, the CP-odd VBF

Higgs distributions are normalised to the SM.

Profile likelihood fits are generally used to extract the normalisation of a given distribution. However, in this

analysis, multiple distributions are fitted simultaneously, each corresponding to different reweighting scenarios

where the POI affects the shape of the signal prediction. To reformulate this as a normalisation problem, tem-

plate morphing is employed. This method interpolates between templates, assigning each bin i a normalisation

weight wi that depends on the POI:

Si =
∑

t

wt
i(POI) · Ti. (8.30)
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c) d̃ = 0.15

Figure 8.30: Optimal Observable distributions in the high NN SR for d̃ = −0.15 (left), d̃ = 0 (middle), and d̃ = 0.15
(right). These signal points define the maximum range used in the ∆NLL scan, where d̃ = 0 corresponds to the SM
prediction without reweighting.

Here, Ti represents the SM VBF prediction, wt
i is the reweighting factor, and Si is the resulting signal predic-

tion. The likelihood for each template is then computed to evaluate the compatibility between different signal

hypotheses and data. The interpolation is achieved using bin-by-bin polynomial fits to the signal templates.

Since the templates are normalised to the SM, the quadratic dependence expected from the reweighting expres-

sions does not fully capture the evolution of the EFT parameters. To allow for more flexibility in the tempalte

morphing fit, an octic parametrization is used instead. Figure 8.31 illustrates the procedure, showing how a

quadratic polynomial fit describes the template points in the first bin of the Optimal Observable as a function of

d̃. Without the SM normalisation, the quadratic fit captures the dependence well. However, once normalisation

is applied, the quadratic function lacks the flexibility needed to fit the curve to the signal points. Switching to

an octic parametrisation resolves this issue, accurately capturing the dependence on d̃. When computing the

likelihoods, signal predictions are extracted from the fitted octic curve in each bin of the Optimal Observable.

a) Quadratic b) Quadratic SM norm c) Octic SM norm

Figure 8.31: Fitted templates for d̃ in the first bin of the Optimal Observable in the high NN SR. The plots compare a
quadratic polynomial fit without SM normalisation (left), a quadratic fit with SM normalisation (middle), and an octic
polynomial fit with SM normalisation (right).
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The general fitting procedure for each POI is divided into two steps. First single channel fits for τℓτℓ, τℓτh

and τhτh are done separately to evaluate the sensitivity in each channel. Secondly, a combined fit is performed

where all experimental and theoretical systematic uncertainties are considered 100% correlated across channels.

In the τℓτℓ channel 5 regions are fitted simultaneously to data:

VBF Higgs SRs: Two signal regions are defined in the low and high NN score regions, based on the

kinematic and NN selection described in Section 8.3. Both regions are binned in the Optimal Observable

using 10 bins with variable width, chosen such that the VBF Higgs signal is equally populated in each

bin.

Zττ CRs: Two corresponding CRs are defined utilising the embedding procedure described in Sec-

tion 8.6.3. These regions follow the exact same kinematic and NN selection as the the two SRs. A

common normalisation factor NF ℓℓ
Zττ is assigned to the embedded Z → ℓℓ MC in the CRs and propagated

to control the normalisation of Z → ττ in SRs. In the fit, the Z → ℓℓ MC is normalised to the embedded

data in the CRs, while in the SRs, Z → ττ MC is normalised to data. The same procedure is followed in

all three channels.

Top CR: A dedicated top CR is defined by inverting the b-veto in the VBF inclusive selection as described

in Section 8.5.3. A single normalisation factor NF ℓℓ
T op is assigned to the top MC in the CR and propagated

to control the normalisation in the SRs. This NF is only applied in the τℓτℓ channel.

In addition to the two background normalisation factors, the normalisation of the VBF signal is controlled

by a free-floating normalisation factor, NF ℓℓ
V BF . This is included to avoid probing effects coming from overall

changes in the cross-section that may arise from additional CP-even terms, ensuring that only differences in

the shape of the Optimal Observable due to the interference term are considered when measuring each POI.

In the individual channels, the signal normalisation factor is treated as uncorrelated, whereas in the combined

fit, a common signal normalisation factor is used across all three channels. The Z → ττ normalisation factor,

obtained from the embedded CRs, is treated separately in each channel both in the individual and combined

fits, as there is some channel-dependence on the embedding procedure. The regions and normalisation factors

are summarised in Table 8.23.

8.7.1 Results in the τℓτℓ channel

The predicted and observed distributions in the Optimal Observable in the low and high NN SRs are shown in

Figure 8.32 before and after the fit. All previously mentioned systematic uncertainty sources are incorporated
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NF MC Sample Region

NFhh
Zττ Z → ℓℓ (Embedding) / Z → ττ ZττCRhh + SRhh (high/low NN)

NF ℓh
Zττ Z → ℓℓ (Embedding) / Z → ττ ZττCRℓh + SRℓh(high/low NN)

NF ℓℓ
Zττ Z → ℓℓ (Embedding) / Z → ττ ZττCRℓℓ + SRℓℓ (high/low NN)

NF ℓℓ
T op tt̄/ single top TopCRℓℓ + SRℓℓ(high/low NN)

NFhh
V BF VBF Higgs (H → ττ/H → WW ) SRhh (high/low NN)

NF ℓh
V BF VBF Higgs (H → ττ/H → WW ) SRℓh (high/low NN)

NF ℓℓ
V BF VBF Higgs (H → ττ/H → WW ) SRℓℓ (high/low NN)

NFV BF VBF Higgs (H → ττ/H → WW ) SRℓℓ+SRℓh+ SRhh (high/low NN)

Table 8.23: List of normalisation Factors used in the fit, the MC they are used for, and the region where the NFs are
estimated.

as nuisance parameters in the fit. They are set to their best fit values and constrained from fitting the prediction

to data in all the regions.

The data is symmetric in the Optimal Observable and consistent with the SM prediction within uncertainties.

No sign of CP violation is observed in data. The mean value of the data in the Optimal Observable for both

SRs is summarised in Table 8.24 and is consistent with zero in both cases.

High NN SR ⟨OO⟩ = −0.12 ± 0.57
Low NN SR ⟨OO⟩ = −0.09 ± 0.31

Table 8.24: The observed mean value of the Optimal Observable and associated uncertainty in the low and high NN SR.

A summary plot of the all regions that enter the fit can be found in Figure 8.33, showing the pre-fit and post-fit

normalisation in each SR and CR with systematic and statistical uncertainties. The estimated normalisation

factors from the fit are summarised in Table 8.25, all consistent with one within uncertainties. The post-fit

yields for each process in all regions are shown in Table 8.26.

Normalisation factor Value
NF ℓℓ

V BF 1.13+0.28
−0.32

NF ℓℓ
Zττ 1.01+0.10

−0.10
NF ℓℓ

T op 0.95+0.08
−0.07

Table 8.25: Normalisation factors estimated by the simultaneous fit in the CRs and SRs in the τℓτℓ channel.

In order to set limits on the EFT parameters, separate fits are performed where for each fit the POI is set to

the targeted EFT scenario. The ∆NLL curves for the considered EFT parameters are shown in Figure 8.34.

For each POI, three fits are conducted: two to extract the expected ∆NLL curves using the MC prediction with

and without systematic uncertainties, and one to obtain the observed result using data including systematic

uncertainties. The expected curves are derived using Asimov pseudodata in the SRs, but using observed data
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Figure 8.32: Predicted and observed distributions in the high (top) and low (bottom) NN Optimal Observable SRs before
the fit (left) and after the fit (right).
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Figure 8.33: Summary of all regions that enter the fit before and after the fit.

High NN SR Low NN SR High NN Z → ττ CR Low NN Z → ττ CR Top CR
VBFH 27 ± 7 29 ± 7 7.7 ± 0.6
Z → ℓℓ Emb. 15.3 ± 3.0 84 ± 8
Emb. bkg 0.16 ± 0.01 1.12 ± 0.03
Z → ττ 10.9 ± 3.4 93 ± 12 239 ± 35
Top 3.0 ± 1.2 17 ± 4 2140 ± 60
Other Higgs 1.3 ± 0.4 4.4 ± 1.7 3.0±0.6
Other backgrounds 1.4 ± 0.4 7.6 ± 1.4 22.9 ± 2.5
Fake 1.2 ± 0.4 21 ± 6 155.6 ± 1.0
Total 45 ± 6 172 ± 10 15.5 ± 3.0 86 ± 8 2570 ± 50
Data 46 172 16 84 2571

Table 8.26: Post-fit yields in each region of the analysis. The uncertainty includes both statistical and systematic
uncertainties which are constrained by the fit. The normalisation of the signal, top and Z → ττ have been corrected
with corresponding normalisation factors. Other Higgs corresponds to ggF and VH production, while other backgrounds
correspond to Z → ℓℓ and diboson processes.

in the CRs. This ensures that the same background normalisation factors are propagated to the SRs for both

the expected and observed results. The observed curve is obtained with data in all regions. The minimum

value of each curve gives the best fit value for the corresponding POI, and the 1σ and 2σ uncertainty bands are

obtained from the 68% and 95% confidence intervals, extracted from where the curves intersect the values 0.5

and 1.92 respectively. The expected and observed best fit values as well as associated 68% and 95% confidence

intervals for each measured EFT parameter are summarised in Table 8.27. All measurements are consistent

with the SM and no sign of CP violation is observed. Both the expected and observed τℓτℓ results in the HISZ

basis are more sensitive than the results from the combined partial Run H → ττ analysis [51], which measured

d̃ ∈ [−0.035, 0.033] (expected) and d̃ ∈ [−0.090, 0.035] (observed) at 68% confidence level.

It should be noted again that the analysis is mainly sensitive to d̃ and cHW̃ , as the VBF topology is dominated
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Figure 8.34: ∆NLL curves for all considered EFT parameters in the τℓτℓ channel are shown, with measurements presented
in the HISZ basis via d̃ (top left), and in the Warsaw basis via cHW̃ (top right), cHB̃ (bottom left), and cHW̃ B (bottom
right). The expected curves, obtained with and without systematic uncertainties, are shown in grey and cyan respectively,
while the observed curve is shown in black. The measurement of each EFT parameter is also shown, corresponding to
the best observed fit value, along with its 1σ and 2σ uncertainties, corresponding to the 68% (black dashed line) and
95% (red dashed line) confidence intervals, respectively.
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by interactions in the HWW vertex. Consequently, setting limits on cHB̃ and cHW̃ B requires evaluating the

likelihood scans over extended intervals that may lie outside the validated range of the reweighting procedure

and the Optimal Observable. For this reason these EFT parameters were dropped from the measurement in

the H → γγ analysis [53]. They are however kept in this thesis for consistency. To evaluate how much of

the sensitivity comes the linear interference term in Eq. 3.18, additional fits are performed where only the

linear term is used for reweighting. Since the analysis aims to probe the interference term it is expected that

this should be the dominant source of sensitivity. This is indeed what is observed, with the linear-only and

linear+quadratic fit results agreeing within roughly 10-15%.

Parameter Observed Best Value 68 % CI (Exp.) 95 % CI (Exp.) 68 % CI (Obs.) 95 % CI (Obs.)
d̃ 0.003 [−0.034, 0.034] [−0.085, 0.089] [−0.029, 0.035] [−0.078, 0.091]
d̃ (lin. only) 0.003 [−0.030, 0.031] [−0.072, 0.077] [−0.025, 0.032] [−0.061, 0.078]
cHW̃ 0.05 [−0.65, 0.68] [−1.53, 1.72] [−0.56, 0.69] [−1.38, 1.71]
cHW̃ (lin. only) 0.06 [−0.57, 0.63] [−1.30, 1.68] [−0.51, 0.61] [−1.11, 1.43]
cHW̃ B 0.76 [−6.49, 5.96] [−14.91, 14.36] [−8.75, 7.60] [−19.9, 18.3]
cHB̃ 1.38 [−11.88, 10.93] − [−15.8, 13.89] -

Table 8.27: Expected and observed 68 % and 95 % confidence intervals for the τℓτℓ fit results in the Optimal Observable
with interpretations both in the HISZ and Warsaw basis. The observed best fit value is also shown. All parameters are
measured with linear and quadratic reweighting, with additional linear-only fits performed for d̃ and cHW̃ . Neither the
observed nor excepted 95% confidence interval are reached for the cHB̃ curves.

The grouped impact of different sources of systematic uncertainty is shown in Table 8.28, alongside the total

statistical uncertainty. The analysis is dominated by statistical uncertainties, but among the systematics, the

jet energy resolution and calibration, as well as uncertainties related to the Emiss
T soft term, have the largest

impact.

The 30 individual NPs with the largest impact on the measurement of d̃ are shown and ranked in Figure 8.35,

along with their respective pull values. The pull measures how much a NP deviates from its nominal value after

being fit to data. It is defined as:

pull = θ̂ − θ0
∆θ , (8.31)

where θ̂ is the best-fit value of the NP, θ0 is the nominal value, and ∆θ is the pre-fit uncertainty. A pull close

to zero means the fit has not significantly changed the NP, while a pull far from zero could indicate tension

between prediction and data. In addition to the JER and Emiss
T -related systematics, notable contributions arise

from MC statistical uncertainties in the first and last bins of the Optimal Observable distribution in the high

NN SR, as well as from the normalisation factor for the VBF signal. This is expected, as the edge bins are

particularly sensitive to any signal asymmetry, and the signal normalisation directly affects the signal yield

in these regions, thereby influencing the overall sensitivity of the measurement. Importantly, the ranking and

impact of the systematics show good agreement between the expected and observed results, indicating the fit
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Source Relative impact on the d̃ 68% CL interval
Higgs theory ± 2.78%
Top theory ± 3.80%
Z → ττ theory ± 3.14%
Flavour tagging ± 0.49%
Luminosity ± 0.19%
Lepton reconstruction ± 3.14%
Jet and Emiss

T reconstruction ± 19.1%
Embedding ± 0.38%
Fake ± 2.91%
Normalisation factors ± 5.21%
MC sample size ± 15.4%
Total Systematic ± 26.7%
Total Statistical ± 96.2%

Table 8.28: Grouped impact of different systematic uncertainty sources and the total statistical uncertainty on the
68% confidence level fit result for d̃ in the τℓτℓ channel. Experimental systematics on the reconstruction of the objects
include the reconstruction efficiency, energy scale and resolution, and trigger efficiencies. Sample size includes the per-bin
statistical uncertainties in the simulated MC samples, and on the data-driven backgrounds of misidentified taus. The
individual sources of systematic uncertainty can be correlated and do not necessarily add in quadrature to equal the
total uncertainty.

is stable and that there is good agreement between the simulated prediction and data. Furthermore, all NPs

remain within 1σ of their nominal values, with no of large pulls observed.

The uncertainties on the NPs after the fit are derived from the covariance matrix Vij , which captures how

parameters vary together. It is computed as the inverse of the second derivative (Hessian) of the log-likelihood:

Vi,j = cov(θi, θj) = −
[
∂2 lnL(θ)
∂θi∂θj

]−1

. (8.32)

The related correlation matrix for the observed fit result on d̃ is shown in Figure 8.36, with correlation threshold

set to 0.1. The observed correlations look reasonable, with top theory systematics correlated with the top NF,

embedding closure correlated with the Z → ττ NF and highest ranked NPs correlated with d̃. To evaluate how

much each NP affects the measurement of d̃, its value is shifted up and down by one standard deviation (±1σ)

and the fit is repeated. The resulting variation in the fitted value of d̃ is then evaluated to obtain the impact of

each NP.
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Figure 8.35: Top 30 ranked nuisance parameters in the expected (left) and observed (right) fit d̃ fit results. The NPs are
ordered by their post-fit impact on the parameter on d̃. The blue and cyan bars represent the post-fit and pre-fit impacts,
respectively, while the black dots and error bars indicate the fitted NP values (pulls) and their associated uncertainties.

148



8.7.2. Combined results with the τℓτh and τhτh channel

0.1 -5.2 2.8 -0.5 -1.4 -4.5 1.3 -0.7 -3.8 -3.5 12.1 -4.1 0.8 1.3 2.1 -0.4 -1.7 -1.9 -0.9 -1.7 1.7 -2.6 -1.1 -0.9 100.0

-0.6 8.9 10.2 -1.7 1.7 4.6 0.2 -2.4 1.4 -0.8 1.5 2.0 -1.4 0.4 3.0 -1.1 -2.2 3.4 -0.8 -6.5 2.7 -2.3 2.1 100.0 -0.9

41.1 3.5 -3.0 0.5 -0.2 -1.2 -0.2 0.7 -0.1 -0.3 -0.6 -0.1 0.0 -0.1 -0.2 0.6 0.6 -0.7 0.6 1.9 -0.8 0.9 100.0 2.1 -1.1

-43.2 -0.5 2.7 -0.4 0.6 0.7 0.4 -0.2 -0.5 -0.0 0.6 -0.2 -0.1 -0.1 0.6 -0.3 -1.0 1.1 -0.4 -1.8 0.8 100.0 0.9 -2.3 -2.6

-2.9 -11.2 -3.9 0.6 -1.4 -2.6 -0.2 1.3 -1.6 0.6 -0.1 -1.8 -1.0 -0.2 0.5 0.6 0.7 -1.2 -0.2 2.5 100.0 0.8 -0.8 2.7 1.7

2.8 14.0 9.7 -1.6 3.0 5.7 1.1 -3.2 3.1 -1.0 -0.1 4.1 1.6 1.0 -0.8 -1.9 -1.8 3.0 -0.4 100.0 2.5 -1.8 1.9 -6.5 -1.7

0.8 -20.7 0.4 -0.1 -0.0 0.5 -0.6 -0.3 1.5 -1.3 -0.8 1.1 0.1 -0.2 0.3 1.5 0.4 0.6 100.0 -0.4 -0.2 -0.4 0.6 -0.8 -0.9

40.3 -1.7 -4.8 0.8 -0.3 -1.7 -0.0 0.6 -0.8 0.4 0.5 -0.9 0.6 0.2 -1.3 -0.4 0.4 100.0 0.6 3.0 -1.2 1.1 -0.7 3.4 -1.9

-12.7 13.9 2.8 -0.5 0.6 0.2 -0.3 0.8 0.9 -1.8 -2.3 1.3 -1.3 -0.9 2.5 2.3 100.0 0.4 0.4 -1.8 0.7 -1.0 0.6 -2.2 -1.7

2.6 9.6 3.1 -0.5 0.1 -2.4 0.4 2.3 10.4 -11.1 -7.6 6.9 -0.5 -2.3 -10.9 100.0 2.3 -0.4 1.5 -1.9 0.6 -0.3 0.6 -1.1 -0.4

1.9 5.4 1.3 -0.2 -0.7 -1.3 1.6 2.1 9.5 -7.8 -6.3 5.9 2.2 -3.4 100.0 -10.9 2.5 -1.3 0.3 -0.8 0.5 0.6 -0.2 3.0 2.1

-21.0 0.7 -1.8 0.3 -3.1 -4.7 -1.6 6.3 1.2 -6.0 -0.1 -0.9 -4.2 100.0 -3.4 -2.3 -0.9 0.2 -0.2 1.0 -0.2 -0.1 -0.1 0.4 1.3

-13.5 -7.4 -2.7 0.4 -2.9 -6.0 -2.6 4.9 -3.3 -1.0 -0.6 -3.4 100.0 -4.2 2.2 -0.5 -1.3 0.6 0.1 1.6 -1.0 -0.1 0.0 -1.4 0.8

8.0 12.1 -6.6 1.1 -2.7 -3.5 -0.3 3.4 -14.7 11.7 8.8 100.0 -3.4 -0.9 5.9 6.9 1.3 -0.9 1.1 4.1 -1.8 -0.2 -0.1 2.0 -4.1

-1.6 -10.7 0.3 -0.0 -0.6 -1.8 -1.2 -2.3 4.9 -11.4 100.0 8.8 -0.6 -0.1 -6.3 -7.6 -2.3 0.5 -0.8 -0.1 -0.1 0.6 -0.6 1.5 12.1

-11.4 -6.6 1.3 -0.2 -0.1 -2.5 -2.7 1.5 5.8 100.0 -11.4 11.7 -1.0 -6.0 -7.8 -11.1 -1.8 0.4 -1.3 -1.0 0.6 -0.0 -0.3 -0.8 -3.5

2.9 10.7 -5.3 0.9 -0.5 -1.3 -2.7 -0.9 100.0 5.8 4.9 -14.7 -3.3 1.2 9.5 10.4 0.9 -0.8 1.5 3.1 -1.6 -0.5 -0.1 1.4 -3.8

26.6 6.9 5.1 -0.8 4.1 7.9 1.0 100.0 -0.9 1.5 -2.3 3.4 4.9 6.3 2.1 2.3 0.8 0.6 -0.3 -3.2 1.3 -0.2 0.7 -2.4 -0.7

-7.4 -17.5 -1.7 0.3 -1.0 -2.3 100.0 1.0 -2.7 -2.7 -1.2 -0.3 -2.6 -1.6 1.6 0.4 -0.3 -0.0 -0.6 1.1 -0.2 0.4 -0.2 0.2 1.3

-28.7 -17.9 -9.1 1.5 -4.8 100.0 -2.3 7.9 -1.3 -2.5 -1.8 -3.5 -6.0 -4.7 -1.3 -2.4 0.2 -1.7 0.5 5.7 -2.6 0.7 -1.2 4.6 -4.5

-12.8 -6.6 -4.6 0.8 100.0 -4.8 -1.0 4.1 -0.5 -0.1 -0.6 -2.7 -2.9 -3.1 -0.7 0.1 0.6 -0.3 -0.0 3.0 -1.4 0.6 -0.2 1.7 -1.4

1.4 3.9 -16.4 100.0 0.8 1.5 0.3 -0.8 0.9 -0.2 -0.0 1.1 0.4 0.3 -0.2 -0.5 -0.5 0.8 -0.1 -1.6 0.6 -0.4 0.5 -1.7 -0.5

-8.7 -23.5 100.0 -16.4 -4.6 -9.1 -1.7 5.1 -5.3 1.3 0.3 -6.6 -2.7 -1.8 1.3 3.1 2.8 -4.8 0.4 9.7 -3.9 2.7 -3.0 10.2 2.8

20.1 100.0 -23.5 3.9 -6.6 -17.9 -17.5 6.9 10.7 -6.6 -10.7 12.1 -7.4 0.7 5.4 9.6 13.9 -1.7 -20.7 14.0 -11.2 -0.5 3.5 8.9 -5.2

100.0 20.1 -8.7 1.4 -12.8 -28.7 -7.4 26.6 2.9 -11.4 -1.6 8.0 -13.5 -21.0 1.9 2.6 -12.7 40.3 0.8 2.8 -2.9 -43.2 41.1 -0.6 0.1

N
F

 T
op

 ll

N
F

 V
B

F
H

N
F

 Z
tt 

ll

E
m

bC
lo

su
re

JE
T

_E
ffe

ct
iv

eN
P

_M
od

el
lin

g1

JE
T

_E
ta

In
te

rc
al

ib
ra

tio
n_

M
od

el
lin

g

JE
T

_F
la

vo
r_

C
om

po
si

tio
n

JE
T

_F
la

vo
r_

R
es

po
ns

e

JE
T

_J
E

R
_D

at
aV

sM
C

_M
C

16

JE
T

_J
E

R
_E

ffe
ct

iv
eN

P
_1

JE
T

_J
E

R
_E

ffe
ct

iv
eN

P
_2

JE
T

_J
E

R
_E

ffe
ct

iv
eN

P
_3

JE
T

_P
ile

up
_O

ffs
et

M
u

JE
T

_P
ile

up
_R

ho
T

op
ol

og
y

M
E

T
_S

of
tT

rk
_R

es
oP

ar
a

M
E

T
_S

of
tT

rk
_R

es
oP

er
p

M
at

rix
E

le
m

en
t_

T
op

P
ar

to
nS

ho
w

er
_T

op

P
ar

to
nS

ho
w

er
_V

B
F

T
he

or
y_

Z
_Q

S
F

T
he

or
y_

Z
_m

ur
_m

uf
_e

nv
el

op
e

T
he

or
y_

to
p_

fs
r

T
he

or
y_

to
p_

is
r

fa
ke

s_
ll_

m
uo

n_
fa

ke
C

om
p d~

d
~

fakes_ll_muon_fakeComp

Theory_top_isr

Theory_top_fsr

Theory_Z_mur_muf_envelope

Theory_Z_QSF

PartonShower_VBF

PartonShower_Top

MatrixElement_Top

MET_SoftTrk_ResoPerp

MET_SoftTrk_ResoPara

JET_Pileup_RhoTopology

JET_Pileup_OffsetMu

JET_JER_EffectiveNP_3

JET_JER_EffectiveNP_2

JET_JER_EffectiveNP_1

JET_JER_DataVsMC_MC16

JET_Flavor_Response

JET_Flavor_Composition

JET_EtaIntercalibration_Modelling

JET_EffectiveNP_Modelling1

EmbClosure

NF Ztt ll

NF VBFH

NF Top ll

Figure 8.36: Correlation matrix showing pairwise correlations between the NPs among themselves and d̃. Only parameters
with absolute correlation above 0.1 are shown.

8.7.2 Combined results with the τℓτh and τhτh channel

A combined fit is performed with a similar setup as detailed in the previous section, but including also the

τℓτℓ and τℓτh channel. These two channels each introduces two additional SRs defined from corresponding NN

scores and two embedded Z → ℓℓ CRs following the same kinematic and NN selection. No top CR is defined

for either of these channels since contribution from top processes are negligible. One notable difference between

the combined fit and stand-alone τℓτℓ fit is that the signal normalisation factor is now obtained from data

in all three channels, NFV BF . This treatment reflects the common VBF production mode, where differences

should only arise from the changes in the signal acceptance. The Z → ττ normalisation factors are treated

as uncorrelated since the embedding procedure is implemented separately in each channel. All experimental

and theoretical systematic uncertainties are treated as 100% correlated between channels, while channel-specific

data-driven uncertainties are treated as uncorrelated.

The post-fit distributions for each channel in the corresponding low and high NN SRs are shown in Figure 8.37.

The signal normalisation in each distribution is obtained with the common VBF normalisation factor. The

pre-fit distributions for the VBF signal is indicated by the dashed magenta line. Generally data agrees with
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Figure 8.37: Post-fit distributions for the high (top) and low (bottom) NN SRs in the τℓτℓ (left), τℓτh (middle) and τhτh

(right) channel in the Optimal Observable. The pre-fit VBF signal distribution is indicated by the dashed magenta line
and d̃ = 0.014 corresponds to the best combined fit value in the HISZ basis. In the τℓτh and τhτh channels Others also
include the top background.

prediction within uncertainties in all three channels, with some excess observed in the last bin of the Optimal

Observable in the τℓτh and τhτh high NN SR. Additionally there is a slight under-prediction in the first bin in

the τℓτh high NN SR, and slight excess in the last bin of the τℓτh low NN SR. Both these channels therefore

exhibit slight asymmetry, but in opposite parts of the Optimal Observable distribution. However, no statistical

significant deviation with respect to the SM is observed. As also shown in the previous section, data agrees well

with prediction in both regions in the τℓτℓ channel with no asymmetry observed.

The normalisation factors obtained from the fit are summarised in Table 8.29. The common signal normalisation

factor is reduced by 22% with respect to the stand-alone τℓτℓ fit, which has a direct impact of the post-fit yields

and sensitivity of the channel.

The expected and observed combined ∆NLL curves for all considered EFT parameters is shown in Figure 8.38.

Additionally, curves showing the contribution from each channel are included for comparison. The combined
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Normalisation factor Value
NFV BF 0.87+0.14

−0.13
NF ℓℓ

Zττ 1.01+0.10
−0.10

NF ℓh
Zττ 0.95+0.18

−0.15
NFhh

Zττ 0.93+0.07
−0.07

NF ℓℓ
T op 0.95+0.08

−0.07

Table 8.29: Normalisation factors estimated by the simultaneous fit in all CRs and SRs in the τℓτℓ, τℓτh and τhτh channel.
The same NFV BF is applied in the three channels and is obtained from measurements of data in all 6 SRs.

measurements for each EFT parameter are summarised in Table 8.30. No evidence for CP violation is observed.

The results are compatible with the SM prediction within 1σ for d̃ and cHW̃ , and within roughly 1.5σ for cHB̃W

and cHB̃ . Although larger deviations are observed in the τℓτh and τhτh channels, the effects largely cancel out

in the combined result, as the associated asymmetries appear in opposite regions of the Optimal Observable.

The compatibility between the combined and single-channel results are evaluated by comparing the ∆NLL from

the respective fits, assuming a χ2 distribution with two degrees of freedom. The compatibility is found to be

at 2.3σ (p = 0.92%), and although this indicates slight tensions between the channels, especially in the τhτh

channel, it is not statistically significant.

Parameter Observed Best Value 68 % CI (Exp.) 95 % CI (Exp.) 68 % CI (Obs.) 95 % CI (Obs.)
d̃ 0.014 [−0.011, 0.011] [−0.023, 0.023] [0.002, 0.028] [−0.011, 0.044]
d̃ (lin. only) 0.012 [−0.010, 0.010] [−0.020, 0.020] [0.001, 0.023] [−0.010, 0.035]
cHW̃ 0.27 [−0.21, 0.21] [−0.43, 0.44] [0.01, 0.53] [−0.24, 0.84]
cHW̃ (lin. only) 0.20 [−0.19, 0.19] [−0.38, 0.40] [−0.01, 0.43] [−0.21, 0.69]
cHBW̃ 3.98 [−2.09, 1.98] [−4.44, 3.96] [1.21, 6.89] [−1.98, 10.36]
cHB̃ 7.23 [−3.82, 3.61] [−8.10, 7.24] [2.15, 12.59] [−3.65, 18.95]

Table 8.30: Expected and observed 68 % and 95 % confidence intervals for the combined fit results in the Optimal
Observable with interpretations both in the HISZ and Warsaw basis. The central value is zero for the expected confidence
intervals and the best fit value for the observed confidence intervals. All parameters are measured with linear and
quadratic reweighting, with additional linear-only fits performed for d̃ and cHW̃ .

The uncertainty breakdown on the combined d̃ fit result is shown in Table 8.31. It is consistent with the

stand-alone τℓτℓ result, with the major source of uncertainty being statistical, and the dominant systematic

uncertainty components arising from jet and Emiss
T reconstruction. The increase in relative uncertainty on

the fake estimates mainly comes from the τhτh channel, where the fake contribution is significant at high NN.

Additionally, uncertainties from the hadronic τ -lepton reconstruction become relevant in both the τℓτh and τhτh

channels. This is also included in the τℓτℓ fit, but due to the fully leptonic final state, the effect is negligible.

The sensitivity of this analysis is evaluated against similar measurements in other ATLAS analyses using the full

Run 2 dataset. A summary of the measured values for d̃ and cHW̃ , along with the corresponding 95% confidence

intervals, is shown in Figure 8.39. The result in the HISZ basis is found to be more sensitive than the H → γγ
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Figure 8.38: ∆NLL curves for all considered EFT parameters in the combined fit, with measurements presented in the
HISZ basis via d̃ (top left), and in the Warsaw basis via cHW̃ (top right), cHB̃ (bottom left), and cHW̃ B (bottom right).
The expected curve is shown in grey, while the observed curve is shown in black. Results from simultaneous fit with
3 POIs for the the τℓτℓ (cyan), τℓτh (magenta) and τhτh (red) channels are also shown. In the 3 POI fit the common
signal normalisation factor is applied. The measurement of each EFT parameter is also shown, corresponding to the
best observed fit value, along with its 1σ and 2σ uncertainties, corresponding to the 68% (black dashed line) and 95%
(red dashed line) confidence intervals, respectively.
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8.7.2. Combined results with the τℓτh and τhτh channel

Source Relative impact on the d̃ 68% CL interval
Higgs Theory ± 15%
Background Theory ± 11%
Flavour Tagging ± 0.3%
Luminosity ± 0.4%
Lepton reconstruction ± 2.4
Tau reconstruction ± 4.0
Jet/Emiss

T reconstruction ± 20
Embedding ± 0.2
Fake ± 4.8
Normalisation Factors +6.0

−5.5
Sample size ± 3.0
Full Systematics ± 30
Total statistical uncertainty ± 95

Table 8.31: Summary of the different sources of systematic uncertainty and their impact on the final fit results, as
a percentage of the 68% CL d̃ interval. Experimental systematics on the reconstruction of the objects include the
reconstruction efficiency, energy scale and resolution, and trigger efficiencies. Sample size includes the per-bin statistical
uncertainties in the simulated MC samples, and on the data-driven backgrounds of misidentified taus.

analysis [53], but slightly less sensitive than the H → ZZ → 4ℓ analysis [52]. The latter analysis benefits from

the additional information provided by the HZZ decay vertex, allowing for more sensitive measurements of the

cHB̃ and cHW̃ B operators, which results in improved sensitivity on d̃.

For measurements of cHW̃ , this analysis provides among the most stringent limits to date within ATLAS,

comparable to the H → ττ differential cross-section analysis [202]. The differential analysis employed a similar

dataset, but used a different unfolding strategy based on the variable ∆ϕsigned
jj . A similar approach was also

adopted in the H → WW differential analysis [229], although only the linear term was considered in the EFT

interpretation.

In addition, this analysis measures the 68% confidence interval for d̃ with approximately a factor of three greater

precision compared to the earlier partial Run 2 VBF CP analysis [51], which did not have sufficient sensitivity

to achieve an observed 95% confidence interval.

A larger effort is planned in ATLAS to combine the Warsaw basis results from analyses that specifically targets

CP violation with the Optimal Observable. This is currently being implemented with results expected later

this year.
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8.7.3. Sensitivity check with other observables
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Figure 8.39: Comparison of results of the analysis presented with the ATLAS H → ZZ → 4ℓ analysis [52] and the
ATLAS H → γγ measurements [53] for d̃ and c̃. The results for d̃ are also compared to interpretations provided by the
ATLAS H → ττ and H → WW differential cross-section measurements [202, 229] based on ∆ϕsigned

jj . The data points
show the observed results, and the uncertainty bands correspond to the 95% confidence interval, including statistical and
systematic uncertainties. The d̃ values are scaled by a factor of 10 in order to have the same dimension in the figure as
the other operators. All results are obtained with linear+quadratic interpretation, except the H → WW result which is
linear-only.

8.7.3 Sensitivity check with other observables

The expected sensitivity of the Optimal Observable is also evaluated against the angular observables to ensure

that the most sensitive result is used in the analysis. The (blinded) distributions for the two additional angular

observable in the τℓτℓ high NN SR after the fit can be seen in Figure 4.7. The corresponding ∆NLL curves,

obtained from a combined fit of all three channels, is shown in Figure 8.41. It can be seen that ∆ϕsigned
jj has the

worst performance, with the Optimal Observable performing slightly better than the pT (j1)pT (j2) sin ∆ϕsigned
jj

observable.

The result confirms the assumption of the Optimal Observable being the most sensitive CP-odd observable. The

similar performance of pT (j1)pT (j2) sin ∆ϕsigned
jj does however show that there is a well-performing analytical

alternative that doesn’t rely on matrix element information.

Additionally, an observable constructed from the output scores of a multiclass NN classifier trained to separate
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8.7.3. Sensitivity check with other observables

positive interference, negative interference, and SM events has been discussed in recent literature [230]. Early

studies of this observable within the context of this analysis showed promise. However, the studies did not

converge in time to be included in the final results.
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Chapter 9

Search for associated DM production in the

mono-Higgs topology using the 2HDM+a model

This analysis consider a SM Higgs boson decaying into two τ -leptons produced in association with Emiss
T in

search for a DM signal. The studied signal model is the 2HDM+a model detailed in section 4.5. The model

has been recommended by the ATLAS/CMS DM Forum, which refers to it as "the simplest gauge-invariant and

renormalizable extension of the simplified pseudoscalar model" [112]. The mono-Higgs topology can be produced

either vi ggF or bb̄ induced production. The Feynman diagrams for these processes are shown in Figure 9.1. Two

scans are performed in the parameter space of the model using the benchmark parameters listed in Table 4.1.

The mA −ma scan varies the mass of the light (ma) and heavy (mA) pseudoscalar with the mixing angle set to

sin θ = 0.35 and tan β = 1.0. For this particular configuration contribution from bb̄ production is negligible. It

does however contribute in other parameter configuration with larger values of tan β, and is therefore relevant,

but still subdominant, in the mA − tan β scan.
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Figure 9.1: Feynman diagrams describing the 2HDM+a processes leading to the production of the mono-Higgs signatures
via gluon-gluon fusion (left/middle), and bb̄ annihilation (right).

This analysis only considers the the fully hadronic channel of the τ -lepton decay. Although the τℓτℓ and τℓτh

channel in principle also could be included, they come with larger backgrounds and a completely different set
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9.1. Data and simulated samples

of optimisations. Ideally all channels should be investigated to perform a proper combination, like in the VBF

CP analysis. However, due to lack of manpower and lower expected background in the τhτh channel, the other

channels were disregarded in this analysis. The analysis was published in the Journal For High Energy Physics

(JHEP) in 2023 [231].

9.1 Data and simulated samples

9.1.1 Data

The dataset used in this analysis was recorded by ATLAS during Run 2 of the LHC, spanning the data-taking

period from 2015 to 2018. At the time of the analysis, the integrated luminosity was determined to be 139 ± 2.4

fb−1 [232]. A subsequent refinement by ATLAS updated this value to 140.1 ± 1.2 fb−1 [200]. However, for the

results presented in this work, the first scenario assumed.

9.1.2 Simulation of background samples

MC simulations are used to model the signal and all major background processes in the analysis. A summary

of the generators, parton showers, and theoretical accuracies is provided in Table 9.1.

The Z+jets and W+jets samples are generated with Sherpa 2.2.1 [203], using matrix elements calculated at

NNLO accuracy, matched to the Sherpa parton shower. A dedicated parton-shower tune is applied, and

the NNPDF3.0nnlo [205] PDF set is used both for matrix element generation and showering. Diboson

processes are simulated with either Sherpa 2.2.1 or Sherpa 2.2.2, depending on the channel. Matrix elements

are calculated at NLO and matched to the Sherpa parton shower using the MEPS@NLO prescription [233],

with the NNPDF3.0nnlo PDF set.

tt̄ and single-top processes are generated with Powheg Box v2 [206], interfaced to Pythia 8.230 [207] for parton

showering, hadronisation, and the underlying event. The A14 tune is used, with the NNPDF3.0nlo PDF set

for matrix elements and NNPDF2.3lo for parton showering. The tt̄H and tt̄V samples are simulated at NLO

accuracy using Powheg Box v2 and MadGraph5_aMC@NLO 2.3.3 [234], respectively, both interfaced with

Pythia 8 using the A14 tune and the same PDF configuration as for tt̄.

V H production is simulated using Powheg Box v2 interfaced to Pythia 8.212, with the AZNLO tune and

the PDF4LHC15nnlo PDF set [209]. All samples are normalised to the highest-order available cross-section

predictions, including QCD and electroweak corrections where applicable.
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9.1.3. Simulation of signal samples

All Sherpa-based samples use a dedicated parton-shower tune provided by the authors [204, 235].

Physics process Generator Parton Shower Accuracy Tune PDF (ME) PDF (PS)

Z(→ ℓℓ)+jets Sherpa 2.2.1 Sherpa 2.2.1 NNLO Dedicated NNPDF3.0nnlo NNPDF3.0nnlo
W (→ ℓν)+jets Sherpa 2.2.1 Sherpa 2.2.1 NNLO Dedicated NNPDF3.0nnlo NNPDF3.0nnlo
Diboson Sherpa 2.2.1, 2.2.2 Sherpa 2.2.1, 2.2.2 NLO Dedicated NNPDF3.0nnlo NNPDF3.0nnlo
tt̄ Powheg Box v2 Pythia 8.230 NNLO+NNLL A14 NNPDF3.0nlo NNPDF2.3lo
Single-top:

W t Powheg Box v2 Pythia 8.230 NLO+NNLL A14 NNPDF3.0nlo NNPDF2.3lo
s- and t-channels Powheg Box v2 Pythia 8.230 NLO A14 NNPDF3.0nlo NNPDF2.3lo

tt̄+H Powheg Box v2 Pythia 8.230 NLO A14 NNPDF3.0nlo NNPDF2.3lo
tt̄+V MadGraph5_aMC@NLO 2.3.3 Pythia 8.210 NLO A14 NNPDF3.0nlo NNPDF2.3lo
V H(→ ττ) Powheg Box v2 Pythia 8.212 NNLO + NLO AZNLO NNPDF3.0nlo PDF4LHC15nnlo

Table 9.1: Summary of the generators used to simulate the background processes considered in the analysis. The
dedicated tune refers to the set of tuned parton-shower parameters developed by the Sherpa authors. The symbol V
stands for a vector boson.

9.1.3 Simulation of signal samples

The 2HDM+a signal samples are simulated in grids of the signal parameters, chosen to ensure consistency with

other ATLAS analyses and to enable model combinations. Two grids are considered: the mA − ma grid with

sin θ = 0.35 and tan β = 0.1, and the mA–tan β grid with sin θ = 0.7 and ma = 250 GeV. All other model

parameters follow the benchmark values given in Table 4.1. Tables 9.2 and 9.3 show the produced samples in

the mA −ma and mA − tan β grid, respectively.

mA [GeV] \ ma [GeV] 100 150 200 250 300 350 400 500

300 x x - - - - - -
400 x x x - - - - -
500 - - x x x - - -
600 x x x x x x - -
700 - - - x x x x -
800 x x x x x x x x
1000 x x x x x - - -
1200 x x - - - - - -

Table 9.2: Grid of produced ggF signal samples in the mA − ma grid. The produces signal points are indicated with
green boxes. All samples in this grid were produced with sin θ = 0.35 and tan β =0.1.

The specific parameter choices are based on recommendations from the LHC Dark Matter Working Group [112]

and early sensitivity studies. Gluon fusion and bb̄-initiated production are generated as separate samples, scaled

according to their respective cross-sections, and then combined. The bb̄ induced production samples are all

generated with tan β = 10, and internal reweighting is used to obtain predictions for other tan β values within

the grid. Gluon fusion induced production samples are generated for each considered signal point without

reweighting.
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9.1.3. Simulation of signal samples

tan β \ mA [GeV] 500 600 700 800 900 1000 1100 1200 1300

20 x x x x x x x x x
10 x x x x x x x x x
5 x x x x x x x x x
3 x x x x x x x x x
2 x x x x x x x x x
1 x x x x x x x x x

0.5 x x x x x x x x x
0.3 x x x x x x x x x

Table 9.3: Grid of produced ggF signal samples in the mA-tan β grid. The produces signal points are indicated with
green boxes. All samples were produced with sin θ = 0.7 and ma = 250 GeV. Signal points in the orange region is only
available with bb̄ initiated proudction.

The orange region indicated in Table 9.2, corresponding to points with mA > 1000 GeV and are not generated

for ggF production. These points were added at a later stage in the analysis, but due to the limited sensitivity for

signal points with tan β ≥ 3.0, samples exceeding this threshold were not produced. For bb̄-initiated production,

however, predictions for these points can still be obtained through reweighting. Consequently, the orange region

represents only bb̄-induced production derived from reweighting.

All signal samples are generated with MadGraph5_aMC@NLO 2.6.5 [234] interfaced with Pythia 8.240 [207]

for parton showering, hadronisation, and underlying event modelling. The resulting events are passed through

the AtlFast-II detector simulation. To validate the fast simulation, a single mass point, [mA,ma] = [750, 250] GeV

in the mA −ma grid, is additionally produced with the full detector simulation using Geant4 [159]. A compar-

ison between the two simulations is shown for both Emiss
T and leading τ -lepton pT in Figure 9.2. The agreement

is generally good, with small deviations observed near the Emiss
T peak. The absolute difference between the two

simulations is treated as an overall systematic uncertainty.
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9.2. Object definitions
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Figure 9.2: Normalised Emiss
T (left) and leading τ -lepton pT (right) distributions for the ATLFAST II fast simulation

(black) and the full detector simulation with GEANT4 (red). The only requirement is a simple preselection with Nτ = 2.

9.2 Object definitions

The object selection in this analysis is similar to that used in the VBF CP analysis described in Section 8.2. The

same general overlap removal procedure is applied (Section 6.8), but with some modifications to the baseline

and signal definitions. The object definitions are summarised in Table 9.4.

Baseline electrons follow the same pT and upper threshold on η, but electrons in the transition region are

included. Additionally, they must satisfy requirements on the significance of the impact parameter with respect

to the primary vertex, |d0/σ(d0)| < 5.0, and on the longitudinal impact parameter, |z0 sin θ| < 0.5 mm. Signal

electrons must have pT above 25 GeV and satisfy the Tight identification criteria. They must also pass the

FCLoose isolation WP, and for pT above 200 GeV, the FCHighPtCaloOnly isolation WP. Baseline muons are

required to pass the same pT and η thresholds as descried in Section 8.2. Additionally, they must satisfy the

Medium identification criterion, with |d0/σ(d0)| < 3.0 and |z0 sin θ| < 0.5 mm. Signal muons must also have

pT above 25 GeV and pass the FCLoose isolation WP. Baseline hadronic τ -leptons follow the same pT and η

requirements as described in Section 8.2. They must also pass the VeryLoose RNN identification WP, while

signal τ -leptons must satisfy the Medium WP. To discriminate between electrons and τ -leptons, signal τ -leptons

must also pass the Loose eBDT isolation WP. Jets are defined in the same way described in Section 8.2, but

with the b-tagging WP set at 77% efficiency.
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9.3. Event selection

Electrons Signal requirement
Kinematics pT > 25 GeV

|η| < 2.47
Identification Tight
Isolation FCLoose, FCHighPtCaloOnly (for pT > 200 GeV)
Impact parameter |d0/σ(d0)| < 5.0 and |z0 sin θ| < 0.5 mm
Muons Signal requirement
Kinematics pT > 25 GeV and |η| < 2.7
Identification Medium
Isolation FCLoose
Impact parameter |d0/σ(d0)| < 3.0 and |z0 sin θ| < 0.5 mm
Hadronic taus Signal requirement
Kinematics pT > 20 GeV & |η| < 2.47 (excluding 1.37 < |η| < 1.52)
NTracks 1 or 3 with pT > 20 GeV & |η| < 2.47
Identification RNN Medium
eBDT Loose

Jets Signal requirement
Algorithm anti-kt (R = 0.4, PFlow)
Kinematics pT > 30 GeV and |η| < 4.4
Pileup Mitigation JVT Tight for pT < 60 GeV & |η| < 2.5

fJVT Loose for pT < 60 GeV & |η| > 2.5
DL1r b-tagging 77% WP

Table 9.4: Summary of the signal object definition used in this analysis.

9.3 Event selection

The expected signature of the model is two oppositely charged τ -leptons coming from the Higgs decay and Emiss
T

from the DM decay of the pseudoscalar a. The analysis was designed and optimised with respect to points in

the mA − ma grid, with the mA − tan β interpretation added later as a supplementary measurement based

on the same selection. Hence, the optimisation strategy discussed in the following will primarily focus on the

mA −ma benchmark scenario.

Events passing the object selection criteria must satisfy the offline trigger thresholds detailed in the next section.

A general preselection is then applied to ensure consistency with the signal topology before performing a cut-

based optimisation on the kinematics of the final state. This defines a region inclusive of the entire signal grid,

referred to as the common SR preselection. Within this region, two SRs are defined, each optimised to target

different parts of the signal grid.

The relevant kinematic variables used in the analysis are discussed in Section 9.3.2. Distributions of these

variables are shown in Figures 9.3–9.5 for signal samples in the mA − ma grid with fixed ma = 150 GeV and
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9.3. Event selection

mA varied between 400 and 1200 GeV. Similarly, Figures 9.6–9.8 show the corresponding distributions for fixed

mA = 600 GeV and ma varied between 100 and 350 GeV. The only requirements applied to the signal samples

in these plots are that events pass the overlap removal procedure and contain exactly two hadronically decaying

τ -leptons, with events containing muons, electrons, or b-tagged jets being vetoed. A dependence on mA is

observed, where larger values of mA result in extended tails in the Emiss
T distribution, while smaller values of

mA produce peaks at lower Emiss
T values. In contrast, the dependence on ma is comparatively small, due to the

smaller mass splitting between the heavy and light pseudoscalars in the considered samples. For the particular

choice of parameters tan β = 1.0 and sin θ = 0.35, the contribution from bb̄-initiated production processes is

negligible, with the associated cross-section becoming relevant only for tan β ≥ 10.

In the mA–tan β grid, where the tan β is varied, contribution from bb̄-initiated processes becomes non-negligible.

Although the bb̄ production cross-section scales with tan β, it still contributes at lower values. In contrast,

the ggF production cross-section is largest at small tan β and decreases as tan β increases. The kinematic

dependence of the relevant analysis variables for both production mechanisms is illustrated in Figures 9.9–9.11

for ggF initiated production, and Figures 9.12–9.14 for bb̄ initiated production. The same set of signal points

are considered in both production modes, with the mass of the heavy pseudoscalar fixed at mA = 700 GeV and

tan β varied between 0.3 and 20. For ggF production, the peak of the Emiss
T distribution shifts towards larger

values as tan β increases, with signal points showing similar kinematic dependence from around tan β ∼ 1.0. A

similar trend is observed for bb̄ production, although the resulting Emiss
T peaks are generally broader at larger

values of tan β.
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Figure 9.3: Kinematic distributions for various 2HDM+a signal points with sin θ = 0.35 and tan β = 1.0 for Emiss
T (left),

leading (middle) and subleading (right) τ -lepton pT. The pseudoscalar mass is fixed at ma = 150 GeV, while the heavy
pseuodoscalar mass mA is varied between 400 and 1200 GeV.
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Figure 9.4: Kinematic distributions for various 2HDM+a signal points with sin θ = 0.35 and tan β = 1.0 for the visible
mass of the τ -lepton pair (left) and the transverse mass of the leading (middle) and and subleading (right) τ -lepton. The
pseudoscalar mass is fixed at ma = 150 GeV, while the heavy pseudoscalar mA is varied between 400 and 1200 GeV.
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Figure 9.5: Kinematic distributions for various 2HDM+a signal points with sin θ = 0.35 and tan β = 1.0 for ∆Rττ (left)
and the total transverse mass (right). The pseudoscalar mass is fixed at ma = 150 GeV, while the heavy pseudoscalar
mA is varied between 400 and 1200 GeV.

Variations in ma with sin θ = 0.35 and tan β = 1.0
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Figure 9.6: Kinematic distributions for various 2HDM+a signal points produced via ggF with sin θ = 0.35 and tan β = 1.0
for Emiss

T (left), leading (middle) and subleading (right) τ -lepton pT. The heavy pseudoscalar mass is fixed at mA = 600
GeV, while the pseudoscalar mass ma is varied between 100 and 350 GeV.
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Figure 9.7: Kinematic distributions for various 2HDM+a signal points produced via ggF with sin θ = 0.35 and tan β = 1.0
for the visible mass of the τ -lepton pair (left) and the transverse mass of the leading (middle) and and subleading (right)
τ -lepton. The heavy pseudoscalar is fixed at mA = 600 GeV, while the pseudoscalar mass ma is varied between 100 and
350 GeV.
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Figure 9.8: Kinematic distributions for various 2HDM+a signal points produced via ggF with sin θ = 0.35 and tan β = 1.0
for ∆Rττ (left) and the total transverse mass (right). The heavy pseudoscalar is fixed at mA = 600 GeV, while the
pseudoscalar mass ma is varied between 100 and 350 GeV.

Variations in tan β with sin θ = 0.7 ggF
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Figure 9.9: Kinematic distributions for various 2HDM+a signal points produced via ggF with sin θ = 0.7 and ma = 250
for Emiss

T (left), leading (middle) and subleading (right) τ -lepton pT. The heavy pseudoscalar mass is fixed at mA = 700
GeV, while tan β is varied between 0.3 and 20.
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Figure 9.10: Kinematic distributions for various 2HDM+a signal points produced via ggF with sin θ = 0.7 and ma = 250
for the visible mass of the τ -lepton pair (left) and the transverse mass of the leading (middle) and and subleading (right)
τ -lepton. The heavy pseudoscalar mass is fixed at mA = 700 GeV, while tan β is varied between 0.3 and 20.
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Figure 9.11: Kinematic distributions for various 2HDM+a signal points produced via ggF with sin θ = 0.7 and ma = 250
for ∆Rττ (left) and the total transverse mass (right). The heavy pseudoscalar mass is fixed at mA = 700 GeV, while
tan β is varied between 0.3 and 20.

Variations in tan β with sin θ = 0.7 bb̄
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Figure 9.12: Kinematic distributions for various 2HDM+a signal points produced via bb̄ with sin θ = 0.7 and ma = 250
for Emiss

T (left), leading (middle) and subleading (right) τ -lepton pT. The heavy pseudoscalar mass is fixed at mA = 700
GeV, while tan β is varied between 0.3 and 20.
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Figure 9.13: Kinematic distributions for various 2HDM+a signal points produced via bb̄ with sin θ = 0.7 and ma = 250
for the visible mass of the τ -lepton pair (left) and the transverse mass of the leading (middle) and and subleading (right)
τ -lepton. The heavy pseudoscalar mass is fixed at mA = 700 GeV, while tan β is varied between 0.3 and 20.
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Figure 9.14: Kinematic distributions for various 2HDM+a signal points produced via bb̄ with sin θ = 0.7 and ma = 250
for ∆Rττ (left) and the total transverse mass (right). The heavy pseudoscalar mass is fixed at mA = 700 GeV, while
tan β is varied between 0.3 and 20.

9.3.1 Trigger

The expected signature of the model consists of two oppositely charged τ -leptons and Emiss
T , which constrains

the available trigger choices to those based on these physics objects. Single-τ triggers are generally avoided due

to high pT requirements or significant pre-scaling. Ditau triggers, while more viable, impose strict pT thresholds

on the subleading τ -lepton, which can impact signal acceptance. Pure Emiss
T -based triggers require a high Emiss

T

threshold (>200 GeV) to reach efficiency plateaus, which is not optimal given the kinematics of the signal. The

combined ditau+Emiss
T trigger provides the best compromise, and is therefore also what is used in this analysis.

This trigger chain evolved throughout Run 2 with varying τ -lepton pT threshold and identification algorithms

(BDT vs RNN). An overview of the triggers employed in the different running periods is given in Table 9.5.

The main difference between the triggers is the pT threshold on the leading τ -lepton, efficiency improvements

at high pileup, and enhancements in τ -lepton identification and energy calibration. These improvements in-

clude RNN-based identification, refined track reconstruction, and multivariate energy calibration for better
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9.3.2. Signal selection

Running period Trigger name Emiss
T pT(τ1) pT(τ2) Lumi

2015 – 2017 HLT_tau35_medium1_tracktwo_tau25_medium1_tracktwo_xe50 > 150 GeV > 40 GeV > 30 GeV 77.2 fb−1

parts of 2017 HLT_tau60_medium1_tracktwo_tau25_medium1_tracktwo_xe50 > 150 GeV > 65 GeV > 30 GeV 3.3 fb−1

2018 period B-K HLT_tau60_medium1_tracktwoEF_tau25_medium1_tracktwoEF_xe50 > 150 GeV > 65 GeV > 30 GeV 18.3 fb−1

2018 from period K on HLT_tau60_medium1_tracktwoEF_tau25_medium1_tracktwoEF_xe50 OR > 150 GeV > 65 GeV > 30 GeV 40.2 fb−1

HLT_tau60_mediumRNN_tracktwoMVA_tau25_mediumRNN_tracktwoMVA_xe50

Table 9.5: Triggers used in different years and running periods. The corresponding offline thresholds imposed on pT (τ1),
pT (τ2) and Emiss

T are also shown.

performance. Both τ -leptons are required to have a pT greater than 5 GeV above the online trigger threshold.

Specifically, the leading τ has offline pT thresholds of 40 or 65 GeV, while the subleading τ has a offline pT

threshold of 30 GeV. Although the HLT Emiss
T requirement remained fixed at 50 GeV throughout Run 2, events

must satisfy Emiss
T > 150 GeV to ensure the trigger operates at maximum efficiency. Additionally, dedicated

per-event scale factors are applied to account for discrepancies between data and MC in the Emiss
T efficiency

(turn-on) curve.

9.3.2 Signal selection

The analysis is designed to be sensitive to the considered 2HDM+a signal points in the mA − ma grid. The

cuts are optimised using the Asimov significance (Eq. 7.15) as a metric, and the selection is performed in two

steps. First, a common SR preselection is applied. In addition to requiring two oppositely charged τ -leptons

with pT and Emiss
T above the trigger thresholds, events containing electrons, muons, or b-jets are vetoed, as the

analysis only considers the τhτh component of the Higgs decay.

To ensure compatibility with Higgs boson decays, the visible mass of the τ−leptons, mvis
ττ , is constrained to be

between 40 and 125 GeV. The angular separation ∆Rττ is required to be less than 2 to suppress tt̄ and W+jets

backgrounds. To reduce Z → ττ contributions, the variable mtot
T is used, defined as:

mtot
T =

√
(pτ1

T + pτ2
T + pmiss

T )2 − (pτ1
x + pτ2

x + pmiss
x )2 −

(
pτ1

y + pτ2
y + pmiss

y

)2
, (9.1)

where pmiss
x and pmiss

y are the x and y components of the Emiss
T vector. Events with mtot

T < 50 GeV are used

for trigger efficiency studies and to derive trigger scale factors. To maintain orthogonality, events passing the

inclusive preselection must therefore satisfy mtot
T > 50 GeV.

The transverse mass of each τ -lepton is defined as:

mτi

T =
√

2pτi

TE
miss
T (1 − cos ∆ϕ (τi, pmiss

T )), (9.2)
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Variable Common SR Preselection
Nτ 2 OS
Ne, Nµ, Nb−jet 0
pT(τ1) > 40/60 GeV
pT(τ2) > 30 GeV
Emiss

T > 150 GeV
∆Rττ < 2
mtot

T > 50 GeV
mvis

ττ ∈ [40, 125] GeV
mτ1

T +mτ2
T > 100 GeV

LowmA
SR HighmA

SR
∆Rττ ∈ [0.6, 1.9] < 2
mtot

T - > 400 GeV
mτ1

T > 50 GeV -
mτ2

T > 25 GeV -
mvis

ττ > 75 GeV ∈ [40, 125] GeV
mτ1

T +mτ2
T binning [100, 250, 400, 550,∞] GeV [400, 750,∞] GeV

Table 9.6: Summary of the selection requirements used to define the SRs. The upper part of the table describes the
common SR preselection while the lower part of the table describes specific selections to define the LowmA and HighmA

SRs.

which is typically large when τi and Emiss
T are back-to-back, as expected from the signal signature. To further

suppress Z → ττ contributions, where the τ -leptons and Emiss
T tend to be more collimated, the sum mτ1

T +mτ2
T

is required to be greater than 100 GeV. The common SR preselection is shown in the upper part of Table 9.6.

Kinematic distributions for the different benchmark scenarios after the common SR preselection are shown

in Figure 9.15 for varying mA with sin θ = 0.35 and tan β = 1.0, and in Figure 9.16 for varying tan β with

sin θ = 0.7 and ma = 250 GeV.
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Figure 9.15: Kinematic distributions for various signal points produced via ggF with sin θ = 0.35 and tan β = 1.0 after
the common SR pre-selection for ∆Rττ (left), mtot

T (middle) and mτ1
T +mτ2

T (right). The light pseudoscalar mass is fixed
at ma = 150 GeV, while mA is varied between 400 and 1200 GeV.

In the mA − ma parameter space, the kinematic distributions depend primarily on the mass of the heavy

pseudoscalar. Small values of mA result in softer mtot
T and mτ1

T + mτ2
T distributions, while larger mA values
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Figure 9.16: Kinematic distributions for various signal points with sin θ = 0.7 and ma = 250 GeV after the common
SR pre-selection produced via ggF: ∆Rττ (left) and mτ1

T +mτ2
T (middle), and produced via bb̄: mτ1

T +mτ2
T (right). The

heavy pseudoscalar mass is fixed at mA = 700 GeV, while tan β is varied between 0.3 and 20.

shift the distributions towards higher masses with broader peaks. In contrast, the dependence on tan β is

less pronounced, with most signal points exhibiting similar shapes. It should be noted that even if bb̄-induced

production contributes in the mA–tan β benchmark scenario, its impact is significantly suppressed by the event

selection. Hence, sensitivity mainly arises for smaller values of tan β, where ggF production dominates.

Corresponding distributions of the background prediction after applying this selection for ∆Rττ , mvis
ττ , mtot

T and

mτ1
T can be seen in Figure 9.17. Representative signal points from both benchmark scenarios are also shown.

The background predictions show good agreement with the data within uncertainties across all bins. After the

common preselection, two non-orthogonal SRs are designed to target signal points in the mA − ma parameter

space with high and low masses of the heavy pseudoscalar, as these signal points have different kinematic

properties.

The LowmA
SR is designed to target the part of the mA −ma signal grid with mA ≤ 800 GeV and to be sensitive

to points with as large ma as possible. The angular distance ∆Rττ is further constrained to be between 0.6

and 1.9, and the visible mass of the τ -lepton pair is required to be greater than 75 GeV. The transverse mass

of the τ -leptons is required to be greater than 50 GeV and 25 GeV for the leading and subleading τ -lepton,

respectively. The LowmA
SR is divided into four bins in mτ1

T +mτ2
T .

The HighmA
SR is designed to target signal points in the mA − ma signal grid where mA > 800 GeV. Both

the total transverse mass, mtot
T , and mτ1

T +mτ2
T are further constrained to be above 400 GeV. The HighmA

SR

is divided into two bins, also in mτ1
T + mτ2

T . The selection criteria for the LowmA
SR and HighmA

SR are

summarised in the bottom section of Table 9.6.
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Figure 9.17: Distributions for ∆Rττ (top left), mvis
ττ (top right), mtot

T (bottom left) and mτ1
T (bottom right) in the

common SR. The uncertainty band include both statistical and systematic uncertainties. Four signal points are plotted
on top of the expected SM backgrounds: [mA = 800, mA = 300] GeV (beige), [mA = 400, mA = 150] GeV (brown),
[mA = 1000, mA = 150] GeV (red) with sin θ = 0.35 and tan β = 1.0 from the mA − ma benchmark scenario, and
[mA = 600, mA = 250] GeV (green) with sin θ = 0.7 and tan β = 1.0 from the mA − tan β benchmark scenario.
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9.4 Background estimation

The analysis is subject to several sources of background processes in the SRs. When considering the common

SR preselection, the dominant processes arise from Z → ττ , fake, diboson, and top background. However,

the tighter selections in the LowmA
SR and HighmA

SR primarily suppress Z → ττ , with diboson becoming

the dominant background in most bins. In the LowmA
SR, diboson processes accounts for about 35% of the

total background, followed by 28% from Z → ττ processes, 20% from fake τ−leptons, 10% from top processes

(primarily from tt̄), and 9% from Higgs processes. In the HighmA
SR, the main background component is also

diboson processes, which constitutes 72% of the total background. Subdominant backgrounds include Higgs

processes with 16% contribution and top processes with 9% contribution. Contributions from Z → ττ and top

are between 1-3%. Note that the relative contributions change and depends on which bin is considered.

Most background processes are estimated using MC simulations, with CRs defined for Z → ττ and top pro-

cesses to constrain their normalisation to data. Although diboson processes constitute the main background

component, their kinematics resemble the signal too closely, making it challenging to define a diboson-enriched

CR that is not signal contaminated. Instead, a VR is defined for diboson to validate the MC prediction to data.

Additional VRs are also defined for Z → ττ and top processes to validate the extrapolation of the modelling

from the CRs to the SRs. The selection criteria for the VRs and CRs in this analysis is summarised in Table 9.7.

Finally, events with at least one fake τ -lepton are estimated from data. The approach is similar to what was

described in Section 8.5.2 for the VBF CP analysis, but instead of misidentified electrons or muons, misidentified

hadronic τ -leptons are now considered. Note that all regions shown in this section are binned and pre-fit,

meaning that no corrections have been applied from the CRs. Ultimately, the VRs and CRs are treated as

single-bin, with the modelling validated only after the fitting procedure.

Variable Z CR Z VR Fake Tau VR Top CR Comb VR Diboson VR
Charge(τ1, τ2) OS OS SS OS OS OS
Nb-jet 0 0 0 1 0 0
∆Rττ < 2 < 2 > 2 > 1 > 2 < 2
mvis(τ1, τ2) < 40 GeV [40, 75] GeV - - > 125 GeV [40, 75] GeV
mtot

T > 50 GeV > 50 GeV - - - [50, 400] GeV
mτ1

T - - - - - > 60 GeV
mτ2

T - - - - - > 20 GeV
mτ1

T +mτ2
T - < 100 GeV - - - > 140 GeV

pτ1+τ2
T - - - - < 125 GeV -

Table 9.7: Definitions of control and validation regions used by the analysis. Additionally events are required to have
two τ -leptons that pass the the trigger threshold cuts and veto muons and electrons. Bold entries indicate selections
ensuring orthogonality to other regions. Comb VR refers to an inclusive validation region containing several important
backgrounds.
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9.4.1. Fake background

9.4.1 Fake background

Misidentified τ -leptons mainly originate from hadronic jets that mimic the signature of hadronic decays. As

with the fake non-prompt electrons and muons described in Section 8.5.2, these are estimated using data-driven

methods. However, instead of the Matrix Method, the so-called fake factor method is employed [236]. The two

methods are related, and the the fake factor method can in fact be derived exactly from the matrix method [236].

Since the author was not involved in this procedure only a brief overview will be provided.

The fake factor method assumes that the probability of a non-τ -lepton object passing the τ -lepton identification

criteria can be determined solely by the properties of the object itself, including its pT, η, number of charged-

particle tracks, and origin (quark/gluon), and not by event-level variables such as Emiss
T or the number of

τ -leptons. This probability is quantified by the fake factor, which is defined as the ratio of objects passing the

Medium identification requirement to those passing the looser anti-ID τ -lepton selection. Anti-ID correspond

to all τ -leptons that does pass the signal requirement on the τ -leptons. The fake factors are measured as a

function of pT, |η|, number of charged-particle tracks, and origin in regions enriched with fake τ -leptons and

are subsequently applied to the analysis regions to estimate the contribution of fake τ -lepton background.
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Figure 9.18: Distributions for mvis
ττ (left), mτ1

T (right) in the same sign fake tau validation region. The uncertainty band
includes both statistical and systematic uncertainties.

A fake tau VR is defined to validate the modelling from the fake estimate. Events in this region must pass

the trigger thresholds and signal requirements, contain two τ -leptons, and veto electrons, muons, and b-jets.

To improve the purity of fake τ -leptons in this region, the two τ -leptons are required to have the same charge.
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9.4.2. Z+jets background

Additionally, the condition ∆Rττ < 2 is imposed to ensure the τ -leptons remain kinematically close to the

common analysis phase space. Figure 9.18 shows distributions for mvis
ττ and mτ1

T in the fake tau VR. The region

has about 85% fake purity and demonstrates good agreement with data.

9.4.2 Z+jets background

The normalisation of the Z → ττ + jets background is constrained by a normalisation factor derived from a

dedicated Z → ττ CR. Since this is the largest background in the general analysis phase space, defining an

enriched region with sufficient statistics is relatively straightforward. In addition to the common CR/VR cuts,

events are required to have ∆Rττ < 2 to enrich the region in Z → ττ event. An upper bound at 40 GeV is

applied for the visible mass to keep the region orthogonal to the SRs and a lower bound of 50 GeV is applied

for the total transverse mass to keep the region orthogonal to the region where trigger scale factors are derived.

This results in a CR with about 90% Z → ττ purity. An additional VR is defined to validate the extrapolation

of the Z → ττ modelling from the Z → ττ CR in the final fit. This region has a similar selection as the CR,

but requires the visible mass to be in-between 40 and 75 GeV. To ensure orthogonality to the SRs, the sum

mτ1
T +mτ2

T is required to be less than 100 GeV. Distributions for ∆Rττ and mτ1
T in the Z → ττ CR and Emiss

T

in the Z → ττ VR can be seen in Figure 9.19.
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Figure 9.19: Distributions for ∆Rττ (left), mτ1
T (middle) in the Z → ττ CR and Emiss

T in the Z → ττ VR (right). The
uncertainty band includes both statistical and systematic uncertainties.

9.4.3 Top background

The normalisation of the top background, primarily tt̄, is constrained by a normalisation factor derived from a

dedicated top CR. In addition to the common CR/VR selection criteria, the b-jet veto requirement is removed,

173



9.4.4. Additional Validation Regions

and instead, exactly one b-jet is required.

The extrapolation across b-jet multiplicity is justified, as the majority of top-quark events entering the analysis

phase space contain one true b-jet that fails the 77% b-tagging working point criteria. Similarly, events in the

top CR with 1 b-jet that passes the working point criteria are also generally events with exactly one true b-jet.

Hence the event composition is consistent between the region. To suppress contributions from other background

processes, such as Z → ττ , events are required to satisfy ∆Rττ > 1. This results in a CR with approximately

90% top purity. Distributions of mvis
ττ and mτ1

T in the top CR are shown in Figure 9.20.
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Figure 9.20: Distributions for mvis
ττ (left), mτ1

T (right) in the top CR. The uncertainty band includes both statistical and
systematic uncertainties.

9.4.4 Additional Validation Regions

An additional VR is defined to evaluate both the extrapolation of top modelling across b-jet multiplicity and

the modelling of fake backgrounds. This region is defined at larger ∆Rττ > 2, a phase space with reasonably

large expected top and fake yields, along with contributions from Z → ττ and diboson processes. Consequently,

this serves as a combined VR for multiple processes. In addition to the angular cut, this region requires the

common CR/VR selection criteria, two oppositely charged τ -leptons with a visible mass above 125 GeV and a

di-τ transverse momentum below 125 GeV to suppress signal contamination.

Diboson processes constitute the main background in both SRs. However, the overall event yield in the analysis

phase space is too low to construct a statistically enriched CR without significant signal contamination. Instead,
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9.5. Systematic uncertainties

a VR is defined to assess the modelling of diboson processes. The events in the diboson VR follow the general

VR/CR selection, with additional upper bounds on mτ1
T and mτ2

T at 60 GeV and 20 GeV, respectively, as well as

their sum mτ1
T +mτ2

T < 140 GeV to enhance diboson purity. To ensure orthogonality to the SRs, the requirements

mvis
ττ < 75 GeV and mtot

T < 400 GeV are imposed. Distribution for mtot
T in the combined VR and mτ1

T +mτ2
T in

the diboson VR are shown in Figure 9.21.
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Figure 9.21: Distributions for mtot
T in the Comb validation region (left) and the sum mτ1

T + mτ2
T (right) in the diboson

validation region. The uncertainty band includes both statistical and systematic uncertainties.

9.5 Systematic uncertainties

The same set of experimental systematic uncertainty sources and a similar set of theoretical systematic uncer-

tainties that was included in the VBF CP analysis are also included in this analysis. Additional sources include

systematic uncertainties from the data-driven fake factor method and theory uncertainties on the 2HDM+a

signal and relevant background samples.

9.5.1 Background theory uncertainties

This analysis use the prescription for assigning uncertainties to Top and Z → ττ background processes as was

described in Section 8.6. Since diboson processes are among the dominant backgrounds in both SRs, the same
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9.5.2. Signal theory uncertainties

uncertainty prescription as was implemented for Z → ττ are also included for these samples. Additionally a

generator uncertainty is assigned to the theory prediction for both Z → ττ and diboson processes.

Diboson and Z → ττ generator uncertainties are estimated by comparing the nominal Sherpa produced

samples with alternative MadGraph5_aMC@NLO + Pythia samples. The variation between the two

samples is taken as the uncertainty. It should be noted that comparing the samples this way does not allow

for separating the effects from the matrix element and parton shower in the generation chain. This was the

reason it was dropped in the VBF CP analysis, since it resulted in noisy template histograms that overestimated

uncertainties. In this analysis however, the templates are more reasonable. Figure 9.22 shows a comparison

of the two generators for the diboson background in the HighmA
SR and for the Z → ττ background in the

LowmA
SR.

Uncertainties related to the cross-section normalisation of diboson and Higgs background processes, arising

from the theoretical cross-section predictions, are evaluated as a 15% overall uncertainty. This uncertainty is

included since these processes are among the dominant background processes in the SRs, but not constrained

by data.
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Figure 9.22: Histogram templates showing the nominal Sherpa distributions for the diboson background in the
HighmA

SR (left) and Z → ττ in the LowmA SR (right).

9.5.2 Signal theory uncertainties

The generated reco-level signal samples were not produced with the set of event weights needed to com-

pute the scale variations for µR and µF . To avoid regenerating the full detector chain for the signal grids,

which is very computationally expensive, a truth-level implementation is used instead. The nominal Mad-

Graph5_aMC@NLO +Pythia setup is tuned to to generate samples with weights corresponding the dif-

176



9.5.3. Data-driven fake uncertainties

ferent theory variations. These samples are further processed in the ATLAS SimpleAnalysis framework [237].

Within this framework an analysis-specific selection is implemented that selects objects with similar kinematic

properties as those used in the analysis as well as performing a simple overlap-removal procedure. A comparison

between the truth-level and reco-level distributions in the LowmA
SR and HighmA

SR for three representative

signal points in the mA − ma grid is shown in Figure 9.23. Good agreement is observed in all bins, validating

the extrapolation of theory uncertainties from truth-level.

0

5

10

15

20

25

30

35

E
v
e

n
ts

 /
 1

5
0

 G
e

V

2hdm+a ggF
Reco
Truth

= 13 TeVs

-1
139 fb

=150 GeV
a

=400 GeV, mAm

200 400 600
) [GeV]

2
τ(

T
)+m

1
τ(

T
m

0

0.5

1

1.5

2

R
a

ti
o

a) mA = 400 GeV, ma = 150 GeV

0

10

20

30

40

50

60

70

E
v
e

n
ts

 /
 1

5
0

 G
e

V

2hdm+a ggF
Reco
Truth

= 13 TeVs

-1
139 fb

=100 GeV
a

=600 GeV, mAm

200 400 600
) [GeV]

2
τ(

T
)+m

1
τ(

T
m

0

0.5

1

1.5

2

R
a

ti
o

b) mA = 600 GeV, ma = 100 GeV

0

2

4

6

8

10

12

14

16

E
v
e

n
ts

 /
 5

0
0

 G
e

V

2hdm+a ggF
Reco
Truth

= 13 TeVs

-1
139 fb

=100 GeV
a

=1000 GeV, mAm

400 600 800 1000 1200
) [GeV]

2
τ(

T
)+m

1
τ(

T
m

0

0.5

1

1.5

2

R
a

ti
o

c) mA = 1000 GeV, ma = 100 GeV

Figure 9.23: Comparison of reco-level and truth-level distributions for [mA,ma] ∈ [400, 150] GeV in (left) and [mA,ma] ∈
[600, 100] GeV (middle) in the LowmA SR and [mA,ma] ∈ [600, 100] GeV (right) in the HighmA

SR.

The theory uncertainty due to scale variations is estimated at truth-level like before by taking the envelope of

the seven up/down variations. The resulting uncertainty is generally small for most signal points, with larger

uncertainties being correlated with larger values of mA. A conservative overall uncertainty of 10% is assigned to

each signal point. This is well above the largest observed variation, but also reflects the uncertainty on the extra-

polation from truth- to reco-level. Uncertainties on the cross-section is provided by MadGraph5_aMC@NLO

during event generation. The largest uncertainty is found to be at 1.7% and is applied as an overall uncertainty

for all signal samples. The PDF and αs variations are included as weights at reco-level and the uncertainty is

evaluated using a similar prescription as was discussed in the VBF CP analysis.

9.5.3 Data-driven fake uncertainties

Systematic uncertainties related to the fake-factor modelling include uncertainties in the number of events in

the regions used to measure and apply the fake factors, the statistical and systematic uncertainties of the MC

samples in the application regions, and uncertainties arising from the extrapolation and application of the fake

factors.
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9.6. Fit model

9.6 Fit model

The goal of the analysis is to search for associated DM production in the 2HDM+a model based on the defined

regions. The SRs used in the analysis are defined in Section 9.3 and the treatment of backgrounds is detailed

in Section 9.4.

The analysis considers three types of fits, all implemented in the ATLAS HistFitter framework [238]. Firstly,

a background-only fit performed in order to obtain normalisation factors from data and correct the background

prediction for Top and Z → ττ processes. The fit is performed simultaneously in both CRs defined in Section 9.4

with no SRs participating in the fit. No signal assumption is made and no signal models are included. The

fitted normalisations are propagated to the SRs and VRs. The post-fit modelling in the VRs is then used to

validate the extrapolation. The purpose of the fit is to check the quality of the modelling, obtain normalisation

factors and evaluate the compatibility between prediction and data. A schematic of the general workflow for

background-only fits in HistFitter is shown in Figure 9.24. The normalisation factors used in the fit and

corresponding samples/regions are summarised in Table 9.8.

Figure 9.24: Illustration of the the typical HistFitter workflow for background-only fits where modelling is checked in
the CRs and normalisation factors are propagated to the SRs/VRs [238].

Normalisation factor Region Sample
NFZττ Z → ττ CR Z → ττ
NFT op Top CR tt̄ and single-top

Table 9.8: Normalisation factors used in the fits, the regions where they are obtained and the samples they are applied
to.

Following the background-only fit, model dependent exclusion fits are performed with the purpose of setting
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9.6.1. Results from the background-only fit

limits on the 2HDM+a model. These fits are performed simultaneously in both CRs and individual SRs for

each of the considered signal points in both the mA − ma grid and the mA − tan β grid. The normalisation

factors obtained by the background-only fit are applied. The signal strength µ is treated as a free parameter in

the fit, and the compatibility of the observed yields in the LowmA
SR and HighmA

SR with respect to the signal

predictions is evaluated. The results are obtained using the CLs method introduced in Section 7.3. The CLs

value is computed for each signal point and interpolated to form 95% confidence level exclusion contours. This

is done in both the mA − ma grid and mA − tan β grid. Since the two SRs are not statistically independent,

the exclusion contours are computed separately and then combined according to the most sensitive expected

CLs result for each signal point in each region. In the mA − tan β grid the CLs values are only computed in the

LowmA
SR.

Finally, model independent upper limits on the visible cross-section of BSM physics are set by testing the

compatibility of the background prediction and data. Fits are performed simultaneously in both CRs and

separately for each SR bin. A generic signal model with signal strength µ is considered to be present in each

SR bin.

9.6.1 Results from the background-only fit

The background-only fit is performed simultaneously in both CRs where normalisation factors are propagated to

the VRs and SRs. The observed and predicted yields after the background-only fit in the CRs and VRs used in

the analysis are shown in Figure 9.25. The statistical significance is computed according to the recommendations

in Ref. [239] to quantify any deviations when observing n events given the prediction b± σ:

Z =


+
√

2
(
n ln

[
n(b+σ2)
b2+nσ2

]
− b2

σ2 ln
[
1 + σ2(n−b)

b(b+σ2)

])
if n ≥ b

−
√

2
(
n ln

[
n(b+σ2)
b2+nσ2

]
− b2

σ2 ln
[
1 + σ2(n−b)

b(b+σ2)

])
if n < b.

(9.3)

The observed statistical significance is small (< 0.5) in each region, indicating good agreement between predic-

tion and data. The normalisation factors obtained from the fit are summarised in Table 9.9. Both normalisation

factors are consistent with one within uncertainties.

Normalisation factor Value
NFZττ 1.04+0.22

−0.22
NFT op 0.82+0.15

−0.15

Table 9.9: Normalisation factors from the background-only fit.
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9.6.1. Results from the background-only fit

Figure 9.25: Expected and observed yields after the background-only fit in all VRs and CRs used in the analysis. The
lower panel shows the estimated statistical significance in each region.

These normalisation factors are also propagated to the SRs to check for any excess. The resulting SR distribu-

tions in mτ1
T +mτ2

T after the background-only fit can be seen in Figure 9.26.

a) LowmA
SR b) HighmA

SR

Figure 9.26: Distributions of mτ1
T + mτ2

T in the LowmA SR (left) and HighmA
SR (right) after the background-only

fit. The lower panel shows the computed significance based on the observed and predicted yields in each bin. Three
representative signal points are also shown.

No statistical significant deviation between prediction and data is observed and the results are consistent with

the SM. The largest deviations comes from a slight under-prediction in the first bin in the LowmA
SR.

The corresponding event yields per bin are summarised in Table 9.10 and Table 9.11 for the LowmA
SR and

HighmA
SR, respectively. The quoted uncertainties include both statistical and systematic uncertainties. The

grouped impact of the systematic uncertainties on the yields in all SR bins is summarised in Table 9.12.

The largest sources of uncertainty in all bins come from background theory uncertainties, with dominating

contributions including diboson and Z → ττ generator uncertainties and scale variations. The uncertainties
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9.6.1. Results from the background-only fit

from the fake-factor method have especially large impact in the second bin of the LowmA
SR. This is driven

by a higher contribution of fake τ -leptons in that bin, which has a large associated uncertainty due to limited

statistics in the anti-ID region. Other significant sources of uncertainties are the limited number of MC events

in the SRs and the uncertainty on the Z → ττ normalisation factor.

mτ1
T +mτ2

T ∈ [100, 250] GeV ∈ [250, 400] GeV ∈ [400, 550] GeV > 550 GeV
Observed events 20 9 13 4
Fitted background events 28.3 ± 5.9 6.3 ± 2.1 10.1 ± 2.4 4.8 ± 1.3
Diboson 5.7 ± 2.4 2.0 ± 0.7 6.5 ± 2.1 2.8 ± 1.1
Z → ττ 12.3 ± 3.8 0.8+1.0

−0.8 0.1+0.2
−0.1 0.1+0.2

−0.1
tt̄ 4.4 ± 2.7 0.3+0.8

−0.3 0.0 ± 0.0 0.0 ± 0.0
Single-top 0.2+0.4

−0.2 0.2+0.3
−0.2 0.0 ± 0.0 0.0 ± 0.0

tt̄V 0.1 ± 0.0 0.1 ± 0.1 0.1 ± 0.0 0.1 ± 0.0
Higgs 0.4 ± 0.1 0.4 ± 0.1 2.0 ± 0.4 1.5 ± 0.4
Fake tau 5.3 ± 1.8 2.6 ± 1.3 1.4 ± 0.6 0.3 ± 0.2
ma = 150 GeV, sin θ = 0.35 4.1 ± 0.6 9.6 ± 1.2 1.9 ± 0.4 0.1 ± 0.0
mA = 400 GeV, tan β = 1
ma = 250 GeV, sin θ = 0.7 0.4 ± 0.1 2.0 ± 0.3 12.3 ± 1.3 4.3 ± 0.6
mA = 600 GeV, tan β = 1
ma = 300 GeV, sin θ = 0.35 0.2 ± 0.0 0.5 ± 0.1 3.1 ± 0.4 6.8 ± 0.9
mA = 800 GeV, tan β = 1

Table 9.10: Observed and expected yields in the LowmA SR bins after the background-only fit. The upper part of the
table describes the breakdown of predicted SM backgrounds. The lower part of the table shows predicted yields of three
signal model benchmark parameter configurations.

mτ1
T +mτ2

T ∈ [400, 750] GeV > 750 GeV
Observed events 9 3
Fitted background events 11.8 ± 2.6 2.2 ± 0.8
Diboson 8.9 ± 2.4 1.1 ± 0.6
Z → ττ 0.4+0.5

−0.4 0.0+0.1
−0.0

tt̄V 0.1 ± 0.0 0.1 ± 0.0
Higgs 1.5 ± 0.3 0.7 ± 0.2
Fake tau 0.9 ± 0.5 0.4 ± 0.3
ma = 150 GeV, sin θ = 0.35 4.0 ± 0.5 4.6 ± 0.6
mA = 1000 GeV, tan β = 1
ma = 250 GeV, sin θ = 0.7 4.9 ± 0.7 0.2 ± 0.1
mA = 600 GeV, tan β = 1
ma = 300 GeV, sin θ = 0.35 6.4 ± 0.8 1.4 ± 0.3
mA = 800 GeV, tan β = 1

Table 9.11: Observed and expected yields in the HighmA SR bins after the background-only fit. The upper part of the
table describes the breakdown of predicted SM backgrounds. The lower part of the table shows predicted yields of three
signal model benchmark parameter configurations.
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Region LowmA
LowmA

LowmA
LowmA

HighmA
HighmA

mτ1
T +mτ2

T [GeV] ∈ [100, 250] ∈ [250, 400] ∈ [400, 550] > 550 ∈ [400, 750] > 750
Theoretical 15.9% 20.9% 15.4% 13.3% 14.2% 21.7%
Fake τ -leptons 6.2% 19.1% 6.0% 3.0% 4.0% 13.2%
Jets 6.2% 7.9% 5.2% 11.0% 3.4% 7.9%
True τ -leptons 1.6% 3.1% 7.0% 10.6% 4.8% 5.0%
Normalisation 4.5% 4.0% 4.8% 8.1% 4.8% 6.1%
MC statistical 7.6% 13.2% 9.3% 15.6% 9.2% 22.2%
Other 4.1% 2.7% 5.3% 6.3% 4.9% 4.5%
Total 20.8% 32.8% 23.8% 28.3% 22.2% 36.3%

Table 9.12: Systematic uncertainties on the post-fit SM background predictions in the six bins in the LowmA SR after
the background-only fit. The normalisation uncertainty includes the effect of keeping the normalisation factors as free-
floating parameters in the fit. The individual sources of uncertainty can be correlated and do not necessarily add in
quadrature to equal the total uncertainty. Other includes electron and muon uncertainties.

9.6.2 Limits on the 2HDM+a model

A signal-plus-background fit is performed for each considered signal point. The fit include the same CRs used

in background-only fit and is performed separately for each SR since they are not statistically independent.

The signal strength µ is treated as a free floating parameter. The 25 NPs with the largest impact on the fitted

signal strength is shown in Figure 9.27 for [mA,ma] = [800, 400] GeV in both the LowmA
SR and HighmA

SR.

a) LowmA
SR b) HighmA

SR

Figure 9.27: The top 25 ranked nuisance parameter based on their impact on the signal strength µ for the signal point
[mA,ma] = [800, 400] GeV with tan β = 1 and sin θ = 0.35 in both LowmA SR (left) and HighmA

SR (right).
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9.6.2. Limits on the 2HDM+a model

The ranking of the NPs is defined in the same way as was described in Section 8.7. The NPs with the largest

impact mainly come from theoretical uncertainties related to the diboson background. Relevant contributions

also include uncertainties related to the energy scale and identification of the reconstructed τ -leptons. It should

be noted that the highest ranked NPs depends on the kinematics of the considered signal point and hence also

on the corresponding background composition in relevant bins. This results in differences in the relative impact

of certain NPs for different signal points, with diboson theory uncertainties generally having the largest impact

across the signal grids.

The CLs value for each signal point is calculated according to Eq. 7.12 in both SRs to form two separate

exclusion contours. All points with CLs ≤ 0.05 are excluded at 95% confidence level. This is first done for the

mA − ma parameter space, where the considered values are within ma ∈ [100, 400] GeV and mA ∈ [300, 1200]

GeV. The LowmA
SR is sensitive to values of mA ≤ 800 GeV, while the HighmA

SR has a bit higher reach with

sensitivity up to 1000 GeV. The two contours are shown in Figure 9.28. The contours are combined using the

expected CLs value obtained with Asimov pseudodata as a figure of merit. The combined contour can be seen

in Figure 9.29.
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Figure 9.28: Exclusion contours for the 2HDM+a in the mA −ma grid in the LowmA SR (left) and HighmA
SR (right).

All points to the left of the solid line are excluded at 95% confidence level with the ±1σ uncertainty on the contour
indicated by the yellow band. The dashed line is the expected contour obtained Asimov pseudodata.

The second parameter space considered by the analysis is based on signal points with mA ∈ [500, 1300] GeV

and tan β ∈ [0.3, 20] with the parameters ma and sin θ fixed to the values of 250 GeV and 0.7 respectively. Only

the LowmA
SR has significant sensitivity to signal points with these parameter values. The resulting exclusion

contour can be seen in Figure 9.30. Signal points with tan β ≤ 1 are excluded for mA up to 900 GeV.

183



9.6.2. Limits on the 2HDM+a model

100 150 200 250 300 350 400 450 500 550
 [GeV]am

200

400

600

800

1000

1200

1400

1600

 [G
eV

]
A

m

h + m
a = m

A

         
         

 m

)expσ1 ±Expected Limit (

Observed limit

) = 1β) = 0.35, tan(Θ2HDM+a model, sin(

-1=13 TeV, 139 fbs

Limits at 95% CL

ATLAS

Figure 9.29: Observed and expected combined exclusion contours at 95% confidence level as function of ma and mA

with tan β = 1 and sin θ = 0.35. All points to the left of the solid line are excluded at 95% confidence level with the
±1σ uncertainty on the contour indicated by the yellow band. The dashed line is the expected contour obtained Asimov
pseudodata.
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Figure 9.30: Observed and expected exclusion contours at 95% confidence level as function of mA and tan β with
ma = 250 GeV and sin θ = 0.7 in the LowmA SR. All points bellow the solid line are excluded at 95% confidence level
with the ±1σ uncertainty on the contour indicated by the yellow band. The dashed line is the expected contour obtained
Asimov pseudodata.
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The 2HDM+a model has been probed in a wide range of physics analyses in ATLAS. A summary from various

Run 2 results can be found in Ref. [113]. The summary plots in the mA−ma andmA−tan β parameter spaces can

be seen in Figure 9.31 and Figure 9.32, respectively. The sensitivity is mainly driven by the Emiss
T + h(bb̄) [116]

and the Emiss
T +Z(ℓℓ) [117] searches in both parameter grids, with the former providing the strongest constraints

for high mA in the mA − ma grid. The green filled regions are obtained by a statistical combination of the

Emiss
T + h(bb̄), Emiss

T + Z(ℓℓ) and tbH±(tb) searches, and covers most of the considered parameter space. The

sensitivity from the h(ττ) + Emiss
T search discussed in this thesis is indicated in pale pink and exclude parts

of the mA − ma parameter space also previously excluded by h(bb̄). Due to the lower branching fraction of

the Higgs decay to τ -leptons the constraints are weaker for larger values of mA. This analysis is however more

sensitive than the Emiss
T + h(γγ) search [240], which can only exclude values of mA up to 800 GeV and values

of ma up to 250 GeV.

Figure 9.31: Observed (solid lines and filled area) and expected (dashed lines) exclusion regions at 95% CL in the
mA − ma space for different ATLAS Run 2 searches. The green filled area is the exclusion region coming from the the
statistical combination of the Emiss

T + h(bb̄), Emiss
T + Z(ℓℓ), and tbH±(tb) searches. The exclusion contour from this

analysis is indicated in pale pink. The dashed grey regions indicate the region where the width any Higgs bosons exceed
20% of its mass. Taken from [113].

In the mA −tan β parameter space, this analysis offers complimentary sensitivity for low tan β values, compared

to the h(bb̄)+Emiss
T analysis. However, also in this parameter configuration, h(bb̄)+Emiss

T generally have stronger

constraints due to the larger branching ratio. Nevertheless, this analysis is the first search in the Emiss
T + h(ττ)

final state, and is defined to be statistically independent from other searches. It can therefore be included in

future statistical combinations.
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9.6.3. Model independent fits

Figure 9.32: Observed (solid lines and filled area) and expected (dashed lines) exclusion regions at 95% CL in the
mA − tan β parameter space for different ATLAS Run 2 searches. The green filled area is the exclusion region coming
from the the statistical combination of the Emiss

T + h(bb̄), Emiss
T + Z(ℓℓ), and tbH±(tb) searches. The exclusion contour

from this analysis is indicated in pale pink. The dashed grey regions indicate the region where the width any Higgs
bosons exceed 20% of its mass [113].

9.6.3 Model independent fits

The model-independent (or discovery) fit is used to set a limit on the number of events in the SRs above the

SM background prediction. This way the analysis sets general upper limit on the visible cross-section of new

physics in the h(ττ) + Emiss
T topology.

No specific signal model is assumed. However, a dummy signal model is introduced for each SR bin, assigned

a bin value of one. A corresponding free floating signal strength parameter is included in the fit. The fit is

performed simultaneously across both CRs and each SR bin individually, with the post-fit normalisation factors

propagated to each bin. The following parameters are computed:

⟨ϵσ⟩95
obs: 95% CL upper limit on the visible cross-section for new physics.

S95
exp: 95% CL upper limit on the number of signal events.

S95
exp: 95% CL upper limit on the number of signal events, given the number of SM predicted background

events.

CLb: Confidence level for the background only (SM) hypothesis.

p(s = 0): Discovery p-value for new physics.
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The observed values for these parameters are summarised in Table 9.13. No evidence for new physics is observed,

with the upper limit on the visible cross-section at 95% confidence level ranging between 0.04 and 0.08 depending

on the fitted bin.

Signal channel ⟨ϵσ⟩95
obs[fb] S95

obs S95
exp CLb p(s = 0) (Z)

LowmA
SR

mτ1
T +mτ2

T ∈ [100, 250] GeV 0.08 10.7 12.5+5.2
−3.5 0.27 0.86 (−1.07)

mτ1
T +mτ2

T ∈ [250, 400] GeV 0.07 9.1 7.6+3.1
−1.6 0.72 0.30 (0.53)

mτ1
T +mτ2

T ∈ [400, 550] GeV 0.08 10.8 8.9+3.4
−2.3 0.75 0.26 (0.65)

mτ1
T +mτ2

T > 550 GeV 0.04 5.8 6.0+2.6
−1.6 0.42 0.61 (−0.29)

HighmA
SR

mτ1
T +mτ2

T ∈ [400, 750] GeV 0.05 7.6 8.8+3.1
−2.4 0.34 0.85 (−1.03)

mτ1
T +mτ2

T > 750 GeV 0.04 5.4 4.6+1.8
−0.8 0.67 0.34 (0.42)

Table 9.13: Left to right: 95% CL upper limits on the visible cross-section (⟨ϵσ⟩95
obs) and on the number of signal events

(S95
obs ). The third column (S95

exp) shows the 95% CL upper limit on the number of signal events, given the expected
number (and ±1σ excursions on the expectation) of background events. The last two columns indicate the CLb value,
i.e. the confidence level observed for the background-only hypothesis, and the discovery p-value (p(s = 0)).
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Chapter 10

Conclucion

In this thesis, two independent analyses have been presented, both exploiting the full Run 2 dataset of proton–

proton collisions at
√
s = 13 TeV recorded by the ATLAS experiment, corresponding to an integrated luminosity

of 140 fb−1. While both analyses investigate Higgs boson production in final states with τ -leptons, they focus

on different physical phenomena.

The measurement of Higgs CP properties in VBF HV V couplings is covered in Chapter 8. The analysis is

motivated by the Shakarov conditions which state that new source of CP violation are needed, beyond those in

the SM, to explain the observed baryon asymmetry in the universe. The analysis targets the VBF production

mode and use NNs to separate signal from backgrounds. Two SRs are defined from the corresponding NN output

score, and are binned in the Optimal Observable to measure and constrain EFT parameters that induce CP-

violating couplings in the HV V vertex. No sign of CP violation is observed, and the results are consistent with

the SM prediction. The best fit value and associated uncertainties in the HISZ basis is obtained by maximum

likelihood fits to data via d̃, and is measured to be:

d̃ = 0.003+0.032
−0.032 (1σ)+0.088

−0.081 (2σ) (τℓτℓ only),

d̃ = 0.014+0.014
−0.013 (1σ)+0.030

−0.025 (2σ) (combined).

This measurement is a sizeable improvement with respect to the partial Run 2 measurement [51], with τℓτℓ alone

providing more sensitivity. Additional new interpretations in the Warsaw basis are also added via measurements

of the CP-odd Wilson coefficients cHW̃ , cHB̃ and cHW̃ B . The analysis is mainly sensitivity to cHW̃ due to the

coupling structure of the HV V vertex in VBF production. The best fit value and associated uncertainties for

cHW̃ is measured to be:

cHW̃ = 0.05+0.64
−0.61 (1σ)+1.66

−1.43 (2σ) (τℓτℓ only),
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10. Conclucion

cHW̃ = 0.25+0.27
−0.25 (1σ)+0.57

−0.51 (2σ) (combined).

These measurements represent some of the most stringent constraints to date in ATLAS, and will contribute

to a broader combination effort with measurements in the H → γγ [53] and H → ZZ → 4ℓ [52] channels. The

combined results will conclude the ATLAS Run 2 program of measurements of the CP properties in VBF Higgs

production, thereby establishing a benchmark for future precision studies of the CP nature of the Higgs boson.

The search for DM produced in association with a Higgs boson decaying into a pair of hadronically decaying

τ -leptons is covered in Chapter 9. The analysis uses the same full Run 2 dataset and targets final states with

large Emiss
T . Two SRs are defined, each subdivided into bins of mτ1

T +mτ2
T to probe different parts of parameter

space. No significant excess over the SM background is observed.

The results are interpreted in the context of the 2HDM+a model, setting 95% confidence level limits in both

the ma–mA and mA–tan β parameter grids. Model-independent upper limits are also placed on the visible

cross-section, σvis, for BSM processes involving large Emiss
T and a Higgs boson decaying to τ -leptons. These

limits range from 0.04 to 0.08 fb, depending on the considered SR bin. This work represents the first ATLAS

exploration of the mono-Higgs signature with Emiss
T +h(ττ), and offers complementary sensitivity to the existing

Emiss
T + h(bb̄) mono-Higgs search [116], particularly in the low tan β region of the mA–tan β plane. In both

considered benchmark scenarios, the analysis is defined with an orthogonal event selection with respect to other

searches, which allows for future combinations.
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