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Abstract

A search for a long-lived, heavy neutral lepton (N ) in 139 fb−1 of
√
s = 13TeV pp collision data collected

between 2015 and 2018 by the ATLAS detector at the LargeHadronCollider is presented. TheN is assumed

to be produced viaW → Nµ orW → N e and decays into two charged leptons and a neutrino, forming

a unique displaced vertex signature. A novel technique is used to reconstruct theN mass that discriminates

between signal and background. No signal is observed, and limits are set on the squared mixing parameters

of theN with the left-handed neutrino states for theN mass range 3 GeV< mN < 15 GeV. For the first

time, limits are given for both single-flavour andmulti-flavourmixing scenariosmotivated by neutrino-flavour

oscillation results for both the normal and inverted neutrino-mass hierarchies. In addition to the concluded

search forN , ongoing efforts are outlined that include 66 fb−1 of
√
s = 13.6TeV pp collision data collected

between 2022 and 2023 by the ATLAS detector and semileptonic N decays into a charged lepton and a

charged pion.
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Zusammenfassung

Eine Suche nach langlebigen, schweren neutralen Leptonen (N ) in 139 fb−1 mit
√
s = 13 TeV pp

Kollisionsdaten der Jahre 2015-2018 mit Hilfe des ATLAS-Detektors am Large Hadron Collider ist präsen-

tiert. Die N werden inW → Nµ oderW → N e produziert und zerfallen in zwei geladene Leptonen

und ein Neutrino. Die Zerfallsprodukte des N bilden eine einzigartige versetzte Vertex-Signatur. Die N
Masse wird mit Hilfe einer neuartigen Technik rekonstruiert und genutzt, um zwischen Signal- und Un-

tergrundereignissen zu differenzieren. Es wurden keine Signalereignisse beobachtet, Sensitivitätsgrenzenwer-

den auf die quadriertenMischungsparameter zwischen rechtshändigen und linkshändigenNeutrinos für den

N Massenbereich von 3 GeV < mN < 15 GeV gesetzt. Zum ersten Mal werden diese Sensitivitätsgren-

zen für Kopplungen für einen Neutino-Flavour, aber auch für Kopplungen für mehrere Neutrino-Flavour-

Mischungsverhältnisse angegeben, die mit den gemessenen Neutrino-Oszillationsdaten für die invertierte

und normale Massenhierarchie übereinstimmen. Zusätzlich zu der bereits abgeschlossenen Suche nach N
werden laufende Aktivitäten skizziert, die 66 fb−1 und

√
s = 13.6 TeV pp Kollisionsdaten der Jahre 2022-

2023 desATLAS-Detektors und semi-leptonischeN Zerfälle in ein geladenes Lepton und ein geladenes Pion

einbeziehen.
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1 Introduction

This thesis presents a part of the search campaign in the ATLAS experiment at the Large Hadron Collider at

CERN for hypothetical particles, so-called heavy neutral leptons, that could give rise to several phenomena

not described by the standard model of elementary particle physics.

The standard model of elementary particle physics is the most successful collection of theories we have to

date and to our current understanding to describe, predict, and explain the fundamental building blocks of

nature and their interactions. Although it is far from perfect and far from being the one ultimate theory that

explains everything, the standardmodel predicts processes observed at the LargeHadronCollider and beyond

up to a remarkable level of accuracy.

However, a few observations point to physics beyond the standard model. Studies in astrophysics and

cosmology revealed that additional matter of unknown type, so-called darkmatter, is needed to describe grav-

itational effects in the rotation of galaxies, effects seen in gravitational lensing, the large-scale structure of the

observable universe, and cosmic microwave background anisotropies. Cosmologists say that approximately

25% of our universe is composed of dark matter [1, 2]. A second fact that the standard model fails to explain

is the abundance of matter over antimatter that remained after the Big Bang, also referred to as baryon asym-

metry. Finally, the observation of neutrino oscillations [3–5] led to the conclusion that neutrinos have amass.

The observation of neutrino oscillations is the first confirmed evidence for the existence of physics beyond

the standard model that can be measured in a laboratory on Earth [6].

All those observations call for an extension of the standardmodel that explains themassiveness of neutrinos

and the abundance of matter in the universe and provides a dark matter candidate. A possible explanation

could be the existence of new, massive, right-handed Majorana neutrinos, also called heavy neutral leptons,

that complement the left-handed standard model neutrinos [7, 8]. The extended standard model, including

heavy neutral leptons, would remain consistent and renormalisable up to the Planck scale [9].

In the ATLAS experiment, we are not sensitive to heavy neutral leptons that could be dark matter candi-

dates because they are too light [7, 8]. Still, we can search for those heavy neutral leptons that could give rise

to neutrino masses and the baryon asymmetry in the universe.

The first search presented in this work uses proton-proton collision data recorded between 2015 and 2018

with a centre-of-mass energy of 13 TeV and an integrated luminosity of 139 fb−1. The heavy neutral leptons

considered in the first part of this work are assumed to be produced in leptonicW boson decays and decay

themselves into two charged leptons and a neutrino. The small coupling values of the heavy neutral leptons
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to the standardmodel neutrinos that are probed in this workmake them long-lived, which requires dedicated

techniques to reconstruct tracks far away from the beamline and secondary vertices. In the ATLAS detector,

we can select events containing a reconstructed charged lepton from theW boson decay. In addition, events

are required to contain a significantly displaced vertex with respect to the beamline that consists of precisely

two oppositely charged leptons from the heavy neutral lepton decay. Novel techniques are used to determine

the data-driven background estimate and to reconstruct the heavy neutral lepton mass that discriminates be-

tween signal and background.

No heavy neutral lepton signal is observed. Therefore, exclusion limits are set on the coupling between

left-handed and right-handed neutrinos for a heavy neutral lepton mass range of 3-15 GeV. For the first time

in the history of collider searches, limits are given for both single-flavour and multi-flavour mixing scenarios

motivated by neutrino-flavour oscillation results for both the normal and inverted neutrino-mass hierarchies.

The results have been published in 2023 [10].

The second search for long-lived heavy neutral leptons that is ongoing at the time of writing this thesis is

outlined, and new ideas are presented to improve the sensitivity. A new analysis channel that includes the

two-body semileptonic heavy neutral lepton decay into a charged lepton and a charged pion, an improved

background estimation strategy, and the inclusion of proton-proton collision data recorded between 2022

and 2023 with a centre-of-mass energy of 13.6 TeV and an integrated luminosity of 66 fb−1 are discussed. In

addition, new vertex reconstruction techniques involving muon spectrometer tracks are explored to extend

the sensitivity to heavy neutral leptons that decay outside the inner tracker.

This thesis is structured as follows: After a brief preface describing the ATLAS collaboration and my

contributions in chapter 2, the standard model of particle physics and its proposed extension by heavy neu-

tral leptons is explained in chapter 3. The following outline of the experiment in chapter 4 summarises the

Large Hadron Collider, the ATLAS detector, the physics objects reconstruction such as tracks, muons, elec-

trons, large-radius tracks and secondary vertices, and the principles of hadron collision simulation at the Large

HadronCollider. Themain part of this work, the published search for long-lived heavy neutral leptons in the

2015-2018 dataset, is discussed in chapter 5. Chapter 6 sketches the ongoing efforts to search for long-lived

heavy neutral leptons, including the 2022-2023 dataset. Chapters 7 and 8 conclude this work and provide a

general outlook. The appendix in chapter A lists additional material and figures that will be referred to in the

main text.
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2 Preface

"ATLAS is one of the largest collaborative efforts ever attempted in science" [11]. The ATLAS collaboration

has about 6000 members and 3000 scientific authors from 182 institutions in 42 countries. To become a

scientific author, each member of the ATLAS collaboration must dedicate half of their time for a year to a

service task that benefits the collaboration. My service task was the development of a web application related

to the production database of the ATLAS inner tracker (ITk) upgrade that will be installed after the Large

Hadron Collider (LHC) Run3 is finished in 2025 (documented in an internal note, ref. [12]). The ATLAS

ITk upgrade splits into the pixel [13] and silicon strip [14] detector. My service task was related to the com-

ponents of the strip detector. The production and acceptance testing of the ITk components is spread over

many institutes worldwide, which requires dedicated bookkeeping in a database to track and grade compo-

nents in every production step. The web application I developed summarises all acceptance test results of a

given component to make them easily digestible. I continue to be involved in ITk activities and related to the

further development of the web application as the local supervisor for Sadia Marium (PhD student, DESY)

and the technical supervisor for Scott Williams (PhD student, Melbourne) for their service tasks.

The LHC Run2 search for long-lived heavy neutral leptons is the main part of this thesis. The search

uses proton-proton collision data recorded between 2015 and 2018 with a centre of mass energy of 13 TeV

and an integrated luminosity of 139 fb−1 and was performed in close collaboration with the team mem-

bers Dave Casper (University of California (UCI)), Matthias Danninger (Simon Fraser, analysis contact),

SeanGalantzan (TelAviv), SergioGrancagnolo (HumboldtUniversity (HU), analysis contact), Heiko Lacker

(HU), Alison Lister (University of British Columbia (UBC)), Margaret Lutz (at the time Tel Aviv, analysis

contact), RobinNewhouse (UBC), Abi Soffer (Tel Aviv), and Dominique Trischuk (at the time UBC). Oleg

Ruchayskiy (Niels Bohr Institute (NBI)) and Jean-Loup Tastet (NBI) contributed to the analysis as short-

term associates (external collaborators with temporary authorship of an ATLAS publication). They gave ad-

vice related to the heavy neutral lepton theory and model interpretation.

Margaret Lutz and Abi Soffer are the contact editors for the work published in PRL [10]. I created a sig-

nificant amount of figures for the PRL paper, as well as the final exclusion limit plot in the results part. I also

contributed to the writing process. Robin Newhouse contributed significantly to the analysis framework,

especially the Ntuple-making code (DHNLAlgorithm), conducted studies related to the DRAW filter, es-

timated the systematic uncertainties, produced the Ntuples on the Vancouver cluster, and worked with me

on the HEP data entry for the analysis. Dominique Trischuk contributed significantly to the second part
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of the analysis framework (DHNLNtupleAnalysis), which performs the displaced vertex selections and pro-

duces the micro-Ntuples used as input for the statistical data analysis. Furthermore, Dominique Trischuk

estimated and validated the data-driven random track crossing background estimate and the corresponding

systematic uncertainties. Dominique Trischuk and Robin Newhouse provided the data as micro-Ntuples I

used for the statistical analysis. The framework I wrote is the third part of the analysis algorithm chain: the

DHNLLimits framework. The framework involves the final signal and control region selection, the analysis

channel combination, the maximum likelihood fit and the exclusion limit determination for each signal sam-

ple, and the final interpolation of the exclusion contours in the HNL coupling versus mass plane. I studied

the impact of the different systematic and statistical uncertainties on the maximum likelihood fit and the fi-

nal expected exclusion limits. The DHNLLimits framework creates all summary/results figures and the data

tables/figures required for theHEP data entry of the analysis [15]. The low number of expected and observed

events in the final signal region selection requires the use of pseudo experiments to create the test-statistic

distributions that are used to determine the exclusion limits. Those pseudo experiments are computation-

ally very expensive, which requires the parallelisation of the DHNLLimits framework and the use of several

thousand working nodes on a batch system. The scripts that perform this parallelised computation are part

of the DHNLLimits framework. Margaret Lutz, Robin Newhouse, Dominique Trischuk and I wrote the

significant parts of the ATLAS-internal documentation (INT note, ref. [16]). Dominique Trischuk’s PhD

thesis [17], Robin Newhouse’s PhD thesis [18], and my work presented here have similar content since most

of the figures and studies were performed collaboratively, as described above.

After completing the LHC Run2 search for heavy neutral leptons, I defined the analysis strategy at the

kick-offmeeting for the new search with new ideas and additional analysis channels. The new analysis is con-

ducted in the newATLAS software release (R24) that involves optimised reconstruction algorithms. Further-

more, we plan to include a part of the LHCRun3 proton-proton collision data recorded between 2022 and

2023 with a centre of mass energy of 13.6 TeV and an integrated luminosity of 66 fb−1 and the LHCRun2

dataset. The ongoing analysis is a collaborative effort of Sagar Addepalli (Brandeis), Marzieh Bahmani (HU),

Jackson Burzynski (Simon Fraser), Carlo Dallapiccola (Massachusetts), Matthias Danninger (Simon Fraser),

GuglielmoFrattari (Brandeis),MaximilianGolbirsch-Kolb (CERN),AlessandroGuida (HU),AudreyKvam

(Massachusetts), Heiko Lacker (HU), Margaret Lutz (CERN), Abi Soffer (Tel Aviv), Dominique Trischuk

(Brandeis), and Makayla Vessella (Massachusetts). Audrey Kvam and I are the analysis contacts for the on-

going search for long-lived heavy neutral leptons and manage the analysis team. To get the analysis started, I

moved the whole analysis framework (DHNLAlgorithm, DHNLNtupleanalysis and DHNLLimits) to the

new software release that brought significant changes to the data structure. As one of the first analysis groups

in ATLAS working on the new software release, this was a pioneering effort. The LHCRun2 (+Run3) anal-

ysis is ongoing at the time of writing this thesis. No results are included, but the improvements compared to

the LHCRun2 search and new ideas are outlined in this thesis.
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3 An extension to the standard model

3.1 Standard model of particle physics: a brief summary

3.1.1 Constituents and forces

The standardmodel (SM) of particle physics consists of elementary particles that make up our universe, carry

the fundamental forces, and give mass to most things around us. Each of those elementary particles is a fun-

damental building block of nature, which means that two elementary particles of the same kind are indistin-

guishable perfect copies of each other. Six quarks, six leptons, four force-carrying particles, and one scalar

boson form the SM as illustrated in fig. 3.1. All of them can be grouped into two categories: fermions and

bosons. Fermions have half-odd integer spin, while bosons have integer spin. The six leptons, e,µ, τ and their

corresponding neutrinos νe, νµ, ντ , and the six quarks are fermions with spin 1
2 . The six leptons are classified

by their charge (Q = −1 for e−, µ−, τ− and Q = 0 for νe, νµ, ντ ) and lepton number, and the signs are

reversed for the corresponding six anti-leptons. Therefore, counting the antiparticles as well, the SM contains

12 leptons. Up-type quarks (up (u), charm (c), top (t)) have an electrical charge ofQ = 2/3, while the down-

type quarks (down (d), strange (s), bottom (b)) have an electrical charge ofQ = −1/3. Again, the signs are

reversed for the corresponding antiparticles. Quarks are also classified by their colour charge: red, green, or

blue. Hence, the SM contains 36 quarks if we count the particles, antiparticles, and different colours. When

different quarks are combined, they form particles that are not elementary, known as hadrons. All isolated

hadrons must be colour-neutral, which is why isolated quarks have never been observed. An equal number

of quarks and antiquarks form mesons, and an odd number of quarks (antiquarks) form so-called baryons.

The photon γ mediates the electromagnetic force, the bosonsW+ andW− mediate the weak force,Z medi-

ates the electroweak force and gluons gmediate the strong force. All elementary particles couple via the weak

force, charged leptons and quarks couple also electromagnetically, and only quarks interact strongly due to

their colour charge. Each gluon carries a combination of colour and anticolour. In theSU(3) representation

of quantum chromodynamics (the theory of strong interactions in the SM), this results in eight independent

colour states. Together with the Higgs bosonH , the total elementary particle content of the SM is 61 [20].

3.1.2 Input parameter

In an ideal scenario, the ultimate theory that describes our observations would be one equation with a few

input parameters, and everything would follow. The SM is far away from being that theory. Instead, the SM
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Figure 3.1: Constituents of the standard model of particle physics. Image taken from ref. [19].

is a collection of renormalisable and self-consistent theories combined in the unitary product groupSU(3)×
SU(2) × U(1). The quark sector is represented by quantum chromodynamics in the SU(3) group, and

SU(2)×U(1) is the representation of the unification of the weak force and the electromagnetic force in the

Weinberg, Salam, andGlashow theory [21–23]. The fundamental objects are quantumfields, and particles are

considered to be the excited states of those quantum fields. The ingredients that make the SM are the Dirac

equation that describes the dynamics of fermions, quantum field theory [24], the principle of local gauge

invariance, theHiggs mechanism [25, 26], andmany experimental results. It is necessary to input a total of 26

parameters [27]manually.

The input parameters of the SM are:

• The fermionmassesmf or their Yukawa couplings to theHiggs fieldyf , as they are related via theHiggs

vacuum expectation value v:mf = yfv/
√
2. In total, there are twelve fermions to parameterise:mν1 ,

mν2 ,mν3 ,me,mµ,mτ ,mu,md,mc,ms,mt, andmb.mν1 ,mν2 ,mν3 are the three neutrinomasses

that correspond to the neutrino mass states ν1, ν2, ν3.

• The three coupling constants g′ (U(1) gauge coupling, electromagnetic), gw (SU(2) gauge coupling,

weak), and gs (SU(3) gauge coupling, strong).

• The parameters that describe the Higgs potential: The Higgs massmH and the Higgs vacuum expec-

tation value v.

• The parameters of the Cabibbo–Kobayashi–Maskawa (CKM) matrix [28, 29] in the Wolfenstein pa-

rameterisation [30] λ,A, ρ, η that connects the quark mass and weak-interaction eigenstates, and the

12



3.1 Standard model of particle physics: a brief summary

mixing angles and complex phase of the Pontecorvo–Maki–Nakagawa– Sakata (PMNS)matrix [31, 32]

Θ12,Θ13,Θ23, δ that connects the neutrino mass and flavour eigenstates.

• ACP-violating phase in the QCD LagrangianΘCP that is known to be close to zero [27].

3.1.3 Symmetries

The SM is a chiral theory where fermions ψ transform according to their left-handed ψL or right-handed

ψR representation (γ5 is the fifth gamma matrix defined as γ5 ≡ iγ0γ1γ2γ3, with γ0, γ1, γ2, γ3 being the

gamma matrices or Dirac matrices):

ψL =
1

2
(1− γ5)ψ ψR =

1

2
(1 + γ5)ψ (3.1)

Left-handed particles are grouped into weak-isospin (T ) doublets in SU(2)L (L for left), and right-handed

particles form singlets in U(1)Y (with the weak hypercharge Y ). Neutrinos are the only leptons that do not

have right-handed counterparts in the SM.

The SMhasmany symmetries that are connected to conservation laws according toNoether’s theorem [33].

The beauty of Noether’s theorem is that each conservation law follows directly from a given symmetry of a

physical system. For example, the conservation of energy follows from the uniformity of time. Global sym-

metries in the SM are energy, momentum, angular momentum and baryon and lepton number conservation.

The local gauge symmetry in theSU(3)C×SU(2)L×U(1)Y group leads to the conservation of the colour

charge C , the weak isospin T and its third component T3, the electric chargeQ, and the weak hypercharge

Y . Those quantities are intertwined by the Gell-Mann-Nishijima formula:Q = T3 +
1
2Y [34–36].

3.1.4 Mass

TheHiggs mechanism explains how the gauge bosonsW± andZ , as well as the fermions, acquire their mass

by spontaneously breaking theSU(2)L×U(1)Y symmetry. This happenswhen theHiggs potentialV (ϕ) =

µ2ϕ†ϕ+λ(ϕ†ϕ)2 reaches one of its infiniteminima satisfyingϕ†ϕ = v2/2 = −µ2/(2λ) forµ2 < 0 [27]. λ

is theHiggs self-coupling andϕ theHiggs doublet. After spontaneous symmetry breaking, the initial Yukawa

coupling termswith theHiggs-boson split into twoparts: one actual interaction term andonemass term. The

masses of the gauge bosons follow directly from the Higgs vacuum potential and the coupling constants:

mW =
1

2
gW v mγ = 0 mZ =

1

2
v
√
g2W + g′2 (3.2)

As mentioned earlier, the Higgs vacuum potential connects the fermion Yukawa couplings and masses. The

Higgs-boson mass is related to the free parameters of the Higgs potential m2
H = 2λv2. Figure 3.2 shows

the fermion masses for the three generations. The origin of the wide range of masses and the pattern within

the different fermion generations is unknown. The fermionmass scale differences are related to the hierarchy
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Figure 3.2: Summary of the fermionmasses split by generation. Theneutrinomasses are shownapproximately assuming
the normal hierarchym1 < m2 < m3. Image taken from ref. [27].

problem in physics: The question of why the Planck energy scaleO(1019)GeV, at which quantum effects of

gravity become significant, and the electroweak energy scaleO(102)GeV are so different [37].

3.1.5 Successes and limitations

Despite its limitations, the successes of the SM are undeniable. Figure 3.3 summarises the total cross-section

measurements of different particle production processes in pp collisions byATLAS [38]. Themeasured cross-

sections agree very well with the SM theory prediction shown in grey over a wide range of processes.

However, the SMwill not be the end of the story. Gravity is not included in the SM.We do not knowwhat

dark matter is made of, and the SM does not contain a dark matter candidate that would fit the cosmological

constraints, assuming dark matter is a particle. Furthermore, the CP-violating terms in the SM are not big

enough to explain the baryon asymmetry in the universe. The SMhas toomany parameters thatmust be given

by hand: Why are there three generations of quarks and leptons, andwhy is their mass scale so different? Why

are the neutrino masses so much smaller than the other lepton masses? And finally, is the Higgs boson an

elementary particle [39]? The observation of neutrino oscillations causes the most pressing need for physics

beyond the SM. In the upcoming section, we will delve into that topic.
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Figure 3.3: Summary of SM cross-section measurements performed by ATLAS. Image taken from ref. [38].
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3.2 Heavy neutral lepton models

Let me start with a disclaimer: the landscape of models that involve right-handed neutrinos is vast. Most can

be categorised and derived from a general addition to the SM Lagrangian. I will outline the big picture of

heavy neutral lepton (HNL) models in this section, but I won’t be able to dive deep into the various models.

I received most of the inspiration and references for this section from a recent review about the ’present and

future of heavy neutral leptons’ [6],which I highly encourage you to read.

Once the broad description is done, I’ll converge towards the realistic physics model used in this thesis to

interpret the results, the Quasi-Dirac model [40]. But what actually motivates the search for HNLs?

3.2.1 Overview

At the time of building the SM, neutrinos have been assumed to be massless. Therefore, only left-handed

neutrinos have been added to the SM, as there was no need for additional right-handed counterparts that

do not couple. If those right-handed counterparts had been added, neutrino mass terms could have been

implemented via Dirac mass terms analogous to the charged fermions. There is only one direct evidence for

beyond-the-standard-model physics (BSM)measured in the laboratory to date: the observation that neutrinos

are not massless. The earliest evidence for neutrino masses was the observed deficit in solar neutrinos [3] in

1968 at the Brookhaven National Laboratory. In 1998, the Super-Kamiokande Collaboration published the

first evidence for the oscillation of atmospheric neutrinos [4]. This was followed by the publication of the

direct evidence that neutrinos change their flavour by the SNOCollaboration in 2002 [5].

Meanwhile, we have reasonably accurate measurements of the neutrino mass splittings ∆m2
21, |∆m2

31|,
|∆m2

32| (∆m2
ij = m2

νi −m2
νj ) and mixing anglesΘ23,Θ12,Θ13. The unknown sign of the mass splittings

|∆m2
31|, |∆m2

32| determines the neutrino mass hierarchy:

normal hierarchy (NH): m1 < m2 < m3 ∆m2
31 > 0

inverted hierarchy (IH): m3 < m1 < m2 ∆m2
32 < 0

(3.3)

∆m2
21 is known very precisely fromneutrino oscillations, while the sign of |∆m2

31| is unknown, and its value
is less precisely measured than∆m2

21. Two non-zero neutrino mass splittings imply that at least two of the

three SM neutrinos have non-zero mass. Knowing the mass splittings means that we have only one unknown

parameter left, the minimal neutrino massmmin:

NH: m1 = mmin m2 =
√
m2

min +∆m2
21

m3 =
√
m2

min +∆m2
31

IH: m3 = mmin m1 =
√
m2

min + |∆m2
32| −∆m2

21

m2 =
√
m2

min + |∆m2
32|

(3.4)
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3.2 Heavy neutral lepton models

Using the relations in eq. (3.4) and the measured values of the mass splittings (global fit values from [41]:

∆m2
21 = 7.42+0.21

−0.20 · 10−5 eV2,∆m2
31 = 2.517+0.026

−0.028 · 10−3 eV2 (NH), and∆m2
32 = −2.498+0.028

0.028 ·
10−3 eV2 (IH)), we can constrain the mass of all neutrinos to be above

∑
mj ≥ 60 meV for NH and∑

mj ≥ 100meV for IH [6].

Other constraints on the neutrino mass scale come from experiments such as KATRIN, which places an

upper limit onmν =
√∑

j=1,2,3 |Uej |2m2
j < 0.8 eV [42], where Uej are the electron mixing elements

of the PMNS matrix. Constraints from cosmological searches set upper bounds on the sum of all neutrino

masses
∑
mj < 0.12 eV [43, 44].

Now, given the constraints, we know the ballpark of the neutrino mass scale, and we know for sure that

neutrinos are not massless. Still, the smallness of neutrino masses raises important questions [6]: What is the

nature of neutrinos? Are they Dirac or Majorana particles? How light are they exactly? What is the reason

for their small masses? Is there a CP violation in the neutrino sector, and if so, what is the value of the CP

violating phase δ in the PMNSmatrix? What are the values of themixing anglesΘij , and is the standard three

neutrino picture correct?

A possible explanation for the smallness neutrino masses is the Seesaw mechanism [45–52] that postulates

the existence of some electroweak-singlet neutrino interaction states. But let’s get back to that later.

The general goal is to extend the SM to a full theory of particles and interactions. In the SM, neutrinos are

left-handed Dirac particles, but since they are neutral, they could be both Dirac or Majorana, dependent on

the requirement of lepton number conservation. If they were Majorana particles, they would fulfil the Ma-

jorana condition: ν = νC ≡ Cν̄T , whereC is the charge conjugation matrix. Neutrinos and antineutrinos

would be indistinguishable.

So, how dowe get the neutrinomasses in the SM?One could add aDiracmass term to the SMLagrangian,

analogous to the charged fermions in the SM, thatwould add right-handed counterpartsνR to the left-handed

SM neutrinos νL:

Dirac mass term ν̄mDν = ν̄LmDνR + h.c. (3.5)

The Dirac term would conserve the lepton number. A second option would be the addition of a Majorana

mass term:

Majorana mass term
1

2
ν̄CmMν = −1

2
νTLC

†mMνL + h.c. (3.6)

Both mass terms are forbidden in the SM because right-handed neutrinos do not exist in the SM, Majorana

terms that use only left-handed SM neutrinos violate the SM gauge invariance, and, finally, the SM in its

minimal form does not allow neutrino masses [6].
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3 An extension to the standard model

There are many proposedmodels to unravel the situation. The simplest one would be to add right-handed

sterile neutrinos νR as SM gauge singlets to the SM since the SM gauge group permits Yukawa interactions

between νR, the lepton doubletL = (νTL , l
T )T , and the Higgs doubletH :

−Ly = L̄F · H̃νR + h.c. (3.7)

where H̃ = iσ2H
∗ and F is the matrix of Yukawa couplings. After electroweak symmetry breaking ⟨H̃⟩ =

(v/
√
2, 0)T , with the Higgs vacuum expectation value v:

−Ly
⟨H̃⟩̸=0−→ −LDirac =

v√
2
ν̄LyννR + h.c (3.8)

with the Yukawa interaction term yν . Also, here, the lepton number is conserved. The disadvantage is that

the coupling yν needs to be very small compared to the other fermionYukawa couplings to reach the observed

neutrino mass scale.

Let’s go one step further. The SM stays gauge invariant when adding the Weinberg operator [53], which

has the mass dimension five and is a low-energy effective term with the scaleΛ and coupling c[5]:

LM,BSM =
c[5]

Λ
LT · H̃∗C†H̃† · L+ h.c. (3.9)

The Weinberg operator leads to Majorana massesmν = −v2c[5]/Λ after electroweak symmetry breaking as

it violates the lepton number symmetry:

LM,BSM
⟨H̃⟩̸=0−→ c[5]v2

2Λ
νTLC

†νL + h.c. (3.10)

Newparticles arise withmassesM ≈ Λ. At the same time, the conservation of Lorentz and gauge symmetries

leaves three options for the nature of these particles and the origin of the Weinberg operator in eq. (3.9) [6]:

Seesaw type I mechanism with singlet fermions [45, 46, 48, 49, 51], Seesaw type II mechanism with heavy

triplet scalars [51, 54], and Seesaw type III mechanism with triplet fermions [55, 56]. Figure 3.4 summarises

the diagrams that contribute at tree level to the neutrino masses in the three Seesaw scenarios.

We call the new fermionic states heavy neutral leptons (HNLs). The scale of those HNLs ranges from a

fewMeV to very high energies. The scale in eq. (3.10) can be fine-tuned to accommodate the smallness of the

neutrino masses.

The neutrino masses are suppressed by v/Λ in theWeinberg operator, so if we want to keep the couplings

c[5] at an accessible level (O(1) is considered natural), we can set the scaleΛ to very large values (∼ 1014 GeV)

close to the GUT scale. Even leptogenesis can be realised in this formulation. The downside here is that

because of its large scale, the model cannot be tested because the new particles would be too heavy. Another
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3.2 Heavy neutral lepton models

Figure 3.4: Diagrams contributing to neutrino masses in the three Seesaw scenarios at tree level. ⟨H⟩ indicates the vac-
uumexpectation value of the neutral component of theHiggs field.NR is a singlet fermion (withmassMR),
∆ is a scalar triplet andΣ is the neutral component of a fermion triplet, with massMΣ. Image and caption
taken from [6].

thing to note is that the Higgs mass corrections become too large without a stabilising mechanism for the

electroweak symmetry-breaking scale (such as Supersymmetry) [57–60].

Another approach would be to adjust the couplings c[5] to very small values (c[5] ≪ 1). This way, the

scale Λ can be lower, and HNLs are within the reach of current experiments if the coupling is not too low.

In this scale (HNLmasses betweenO(eV) andO(TeV)), the observed baryon asymmetry in the universe can

be explained via the ARS mechanism (Baryogenesis via neutrino oscillations) [61, 62] and resonant leptogen-

esis [63–65].

The third option would be to utilise quasi-conserved symmetries. The Majorana neutrino masses are zero

if the lepton number symmetry is preserved. A small breaking of such a lepton number symmetry would

generate small Majorana masses. The small lepton number symmetry breaking is used in the inverse [66, 67],

linear [68, 69], and extended Seesaw mechanisms. Here, the lepton number violation is small, and the Majo-

ranaHNLs have a very lowmass difference, whichmakes them quasi-Dirac. The couplings here can be larger,

while the HNLs are within the MeV-TeV scale. Therefore, collider searches can probe this HNL parameteri-

sation.

3.2.2 Type I Seesawmechanism

Now, let’s take one step back and write down the type I Seesaw [45, 46, 48, 49, 51] Lagrangian for the addition

of I, J = 1, 2, 3 right-handed HNLs, denoted byN , to the SM LagrangianLSM:

L = LSM + iN̄Iγ
µ∂µNI − FαI L̄αH̃NI −

MIJ

2
N̄C

I NJ + h.c. (3.11)

FαI is the matrix of Yukawa couplings with the flavour index α = e, µ, τ . The SM neutrino masses scale as

mν ∼ F 2v2

M after electroweak symmetry breaking. Assuming F ∼ O(1) easily sends the mass scaleM →
1015GeV to theGUTscale to get the correct SMneutrinomass scale (as discussedbefore). An additionalmass

suppression canbe acquired froman approximate symmetry [70, 71] analogous to the inverse and linear Seesaw
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3 An extension to the standard model

mechanisms. The lepton number is violated by the mass term of the right-handedMajorana neutrino, which

could be responsible for the observed matter-antimatter asymmetry in the universe [72]. The connection

between neutrino massesmν , Majorana massesM , mixing anglesΘ, and the PMNSmatrixUPMNS is given

by the Seesaw formula:

mν =
v2

2
FM−1F T = ΘMΘT = UPMNSMUT

PMNS (3.12)

The mixing angles between the active neutrinos and the HNLs that connect the HNLs to the visible SM

sector then follow from:

Θ =
vF√
2
M−1 (3.13)

The Seesaw hypothesis Fv ≪ M implies that the mixing angles are too small for HNL detection with cur-

rent experiments. However, we can apply the symmetry considerations again and look at scenarios where the

lepton number is approximately conserved to retain largermixing angles [67, 70, 71]. The SMneutrinomasses

then follow a slightly modified Seesaw equation with small lepton number breaking parameters µ2 and ϵ [6]:

mν = v2ϵ
(
Y ′M−1Y T + YM−1Y ′T )− v2Y µ2M

−1Y T (3.14)

Y, Y ′ are Yukawa couplingmatrices andM is theHNLmassmatrix with the two casesµ2 ̸= 0, ϵ = 0 for the

inverse Seesawmechanism and ϵ ̸= 0, µ2 = 0 for the linear Seesawmechanism. The lepton number breaking

parameters µ2 and ϵ lead to light neutrino masses together with large enough couplings Y to get HNLs back

into reach of experiments. Moreover, the mixing angles are much larger than in the standard Seesaw scenario.

If we want to get ahead of ourselves and speak of HNL discovery, we would want to measure all HNL

parameters to test the minimal model fully [73]. Here, a parameterisation can be used that is related to the

Seesaw formula for the mixingΘ between the SM neutrinos and the HNLs:

Θ ∼ iUPMNSm
1/2R†M−1/2 (3.15)

where UPMNS is the PMNS matrix,m the light neutrino mass matrix,R a 3 × n orthogonal matrix related

to the HNL sector (nHNL states), andM is the HNLmass matrix.

The, by far, most quoted model in the HNL community is the neutrino minimal standard model

(νMSM) [7, 8] as shown schematically in fig. 3.5. Here, the number of HNLs added to the SM is sym-

metrised to the number of SM neutrinos. So we add exactly three HNLs N1,2,3 to the SM (using the

Lagrangian as shown in eq. (3.11)). Two of them,N2,3, are heavy (∼GeV) and responsible for generating the

masses of the SMneutrinos via the type I Seesawmechanism. They can also generate the baryon asymmetry in

the universe, but only if their masses are close to each other [7, 61]. The leftover HNLN1 is light and serves as

a bystander to be the candidate for warm dark matter.N1 is too light to be detected by a collider experiment.
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3.2 Heavy neutral lepton models

Figure 3.5: Schematic illustration of the particle content of the neutrino minimal SM (νMSM) [7, 8] split up in their
left-handed and right-handed components. The SM is extended by three right-handed heavy neutral leptons
N1,2,3.

The ballpark for the mass of N1 is the keV range, but some references state 100 eV [74], 0.1-10 keV [75],

1 keV-10MeV [76], and< 3.5 keV [77]. Another reason whyN1 is out of range for experiments is its Yukawa

coupling, which needs to be tiny (5 · 10−15 − 4 · 10−13) [78]. Overall, the νMSM is a consistent theory to

very high scales, potentially up to the Planck scaleO(1019)GeV [9].

To wrap up the journey through the lands of HNL models, I want to mention beyond-minimal models

briefly. HNLs don’t need to be added as a minimal extension to the SM. They can also be a part of a potential

hidden sector with new particles and interactions. Examples here are dark sector models, where a hidden

U(1)x symmetry extends the SM gauge group [79]. Another example are the left-right symmetric models

that attempt to restore the electroweak parity violation via a gauge group extension SU(2)L × SU(2)R at

high energies [80, 81].Originally, the Seesawmechanism, togetherwith right-handedneutrinos, arose from the

context of larger gauge groups. Examples here are grand unification theories of SU(5) [47], SO(10) [48], as

well as parity restoration theories [45] and partial unification theories asSU(4)C ×SU(2)L×SU(2)R [82].

The landscape ofHNLmodels is rich, andwe profit from the constant curiosity of the theory community.

I omitted more exotic models here to keep the tale of models short and the storyline as straight as possible.

3.2.3 A Quasi-Dirac pair of heavy neutral leptons

Now, let us converge on the Quasi-Dirac model, which is used in this work and falls into the third category

of quasi-conserved symmetries, as discussed in the previous section. In the Quasi-Dirac model, we consider a
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3 An extension to the standard model

pair of right-handedMajorana neutrinos (still HNLs) with highly degenerate massM1 ≈M2, which makes

both HNLs seem like a single (Quasi-)Dirac particle:

∆M ≡ |M1 −M2| ≪MN =
M1 +M2

2
(3.16)

Hence, the lepton number is a quasi-conserved symmetry since the HNL pair is a Quasi-Dirac particle that

violates the lepton number conservation only slightly. As in the previous type I Seesaw models, we start with

the Lagrangian in eq. (3.11). After electroweak symmetry breaking (⟨H̃⟩ = (v/
√
2, 0)T ), the Yukawa in-

teraction term −FαI L̄αH̃NI becomes a Dirac mass term [MD]αI = FαIv that couples the left and the

right-handed components of the neutrinos. The right-handed neutrinos have an additional Majorana mass

term MIJ = [MM ]IJ = MIδIJ . We apply again the Seesaw hypothesis, this time with the additional

requirement to be below the electroweak energy scaleΛEW = O(102)GeV [83]:

|FαI |v ≪ |MI | ≤ ΛEW (3.17)

The full mass matrix:

M̂ =

 0 MD

MT
D MM

 (3.18)

can be diagonolised Û †M̂Û∗ = M̂diag with the unitary matrix Û (Û †Û = Û Û † = 1):

Û =

 UPMNS Θ

−Θ†UPMNS 1

 (3.19)

with the matrix of mixing angles Θ and the PMNS matrix UPMNS. The active neutrino mass eigenstates

follow from

diag(m1,m2,m3) = U †
PMNSMνU

∗
PMNS (3.20)

with the Seesawmass matrixMν = −MDM
−1
M MT

D . Together with the three light neutrinomass eigenstates

νi (i = 1, 2, 3) we get two heavy eigenstates NI (I = 1, 2) with massesM1 andM2. Those heavy mass

eigenstates are the additional right-handedMajorana neutrinos or HNLs.

One thing to note is that there are no direct arguments thatHNLsmust beMajorana particles. They could

as well be Dirac particles. However, the urge to keep the extension of the SM renormalisable automatically

leads to the Majorana mass term, as discussed earlier. Therefore, HNLs are usually assumed to be Majorana

particles.

In the particular parameterisation of two additional HNLs, the lightest neutrino is assumed to be massless

(mmin = 0) [84].
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3.2 Heavy neutral lepton models

The flavour eigenstates of the active neutrinos νLα (α = e, µ, τ ) can be written as a linear combination of

the five mass eigenstates νi andNI [40, 83]:

νLα = UPMNS
αi νi +ΘαINC

I (3.21)

where the mixing anglesΘαI ≈ vFαI/MI . The Yukawa couplings FαI can be written in the Casas-Ibarra

parameterisation [85, 86]with no loss of generality [83]:

F =
i

v
V D1/2

ν RD
1/2
N (3.22)

withDν = diag(m1,m2,m3),DN = diag(M1,M2),m1 = 0 for the normal neutrino mass hierarchy,

m3 = 0 for the inverted neutrino mass hierarchy, and the orthogonal 3 × 2 matrix R (RTR = 1) that

depends on the active neutrino mass hierarchy:

RNH =


0 0

cosω sinω

− sinω cosω

 RIH =


cosω sinω

− sinω cosω

0 0

 (3.23)

with an arbitrary complex numberω. Thematrix V is the PMNSmatrixUPMNS multiplied by an additional

Majorana phase η:

V = UPMNS × diag(1, eiη, 1) (3.24)

where η = (α21−α31)/2 (NH) or η = α21/2 (IH), and η ∈ [0, 2π[. The PMNSmatrix is written in terms

of the three active neutrino mixing anglesΘ12,Θ23,Θ13 and a Dirac phase δ:

UPMNS =


Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3



=


1 0 0

0 c23 s23

0 −s23 c23




c13 0 s13e
−iδ

0 1 0

−s13eiδ 0 c13



c12 s12 0

−s12 c12 0

0 0 1


(3.25)

with sij = sinΘij and cij = cosΘij .

So, in summary, we add eleven new parameters [40] to the SM Lagrangian in eq. (3.11): m1,m2,m3,

Θ12,Θ23,Θ12, and δ for the active neutrino sector andM1,M2, η, andω for theHNL sector. As we learned

in eq. (3.4),m1,m2,m3 can also be expressed in terms of∆m2
21,∆m2

31 (or |∆m2
32|), andmmin.
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3 An extension to the standard model

Now, actual observable quantities are the coupling strength of the HNL to a particular neutrino flavour

|Uα|2 and the total coupling |Utot|2:

|Uα|2 ≡
∑
I

|ΘαI |2 |Utot|2 ≡
∑
α,I

|ΘαI |2

|Ue|2/|Utot|2 + |Uµ|2/|Utot|2 + |Uτ |2/|Utot|2 = 1

(3.26)

The total coupling can be expressed as (expressions for |Uα|2 are more complicated and given in ref. [87]):

|Utot|2 =
∑

imi

MN
cosh(2ℑω) MN =

M1 +M2

2
(3.27)

The observed data related to the active neutrino sector [41] constrains the allowed regions in the (|Ue|2, |Uµ|2,
|Uτ |2) coupling space, as shown in fig. 5.7. Low-scale leptogenesis also motivates the choice of ∆M ≪
MN [88]. The theory has an approximate globalU(1) lepton number symmetry, which is exact in theM1 =

M2 andΘα1 = ±iΘα2 limit where both HNLs form a single Dirac particle ψ = N1 +NC
2 and the active

neutrinos are massless. HNL oscillations, which can also occur in the discussedmodel, are further quantified

in ref. [40].

Two very relevant observable HNL parameters are the total coupling |Utot|2 and the average HNL mass

MN . Figure 3.6 shows the allowed range of those parameters consistent with both the Seesawmechanism and

leptogenesis for the normal and inverted neutrinomass hierarchies assuming the presence of twoHNLs1 as in

the Quasi-Dirac model. The lower constraint on the total coupling is the type I Seesaw bound corresponding

to the requirement to reproduce the light neutrinomasses. The upper constraint stems from leptogenesis (in

particular, baryogenesis via oscillations and resonant leptogenesis; see ref. [64] for details). A green colour bar

in fig. 3.6 indicates the largest allowed value of the mass splitting normalised to the average mass∆M/MN

in the allowed regions. At the edges of the allowed parameter space, the normalised mass splitting∆M/MN

has to be smaller than 10−6. Themass splitting∆M sets the scale for the oscillations that violate CP and that

lead to a lepton asymmetry [64], contributing to the observed matter-antimatter asymmetry in the universe.

This work exploits the Dirac-limit (∆M = 0) and the Majorana-limit (∆M ̸= 0) of the HNL pair.

Investigating both cases might shed some light on the unknown parameter∆M and its impact on themodel.

The application of the Quasi-Dirac model to the data analysis performed in this work will be discussed in

detail in section 5.3.

1Similar constraints that allow a wider parameter space exist for the case of three HNLs [65], where again very similar masses for
all three HNLs are assumed. The case of three HNLs is also interesting, as the lightest SM neutrino does not have to be massless
(mmin ≥ 0). A summary of all theoretical constraints, experimental constraints, and expected limits from future experiments
will be shown at the end of this work in fig. 8.2.
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3.2 Heavy neutral lepton models

Figure 3.6: The range of the total couplingU2 = |Utot|2 consistent with both the Seesawmechanism and leptogenesis
as a function of the average HNL massM = MN for the case of two HNLs. The black solid lines show
the results obtained with the full kinetic equations and vanishing initial conditions for HNLs. The blue
dashed lines correspond to thermal initial conditions. In this regime, the freeze-in does not contribute to
the asymmetry generation. The red dotted line neglects the effect of the expansion of the universe on the
distribution of the heavy neutrinos. In this case, the freeze-out cannot contribute, and the asymmetry is
generated during freeze-in. The colour contours represent the largest allowed value of the mass splitting
∆M/MN . ∆M andMN are definied in eq. (3.16). Within the white regions, the mass splitting has to be
smaller than 10−6. The left (right) panel shows the case of the normal (inverted) neutrino mass hierarchy.
Figures and modified caption are taken from ref. [64].
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4.1 Large Hadron Collider

The Large Hadron Collider (LHC) [90, 91] is the most powerful tool we have to date to explore the world of

particle physics. The 26.7 km long circular tunnel is located 45-170 m below the surface, crossing the state

borders of Switzerland and France close toGeneva with a beautiful view ofMont Blanc. Four caverns that are

connected to the surface host the fourmain experimentsATLAS [92],CMS [93],LHCb [94], andALICE [95]

at the interaction points where the two counterrotating proton beams cross, as shown in fig. 4.1. The total

cost of the LHC, including detectors, detector R&D, and pre-operation, is 4332MCHF [96].

The tunnel that was originally constructed between 1984 and 1989 for the large electron-positron collider

(LEP) consists of eight straight sections and eight arches. In 2000, LEPwas closed tomake space for the LHC.

The challenge to reuse the LEP tunnel led to a two-in-one superconducting magnet to house both counter-

rotating proton beams in the same tunnel. Those dipole magnets house both proton beams instead of having

a separate magnet for each beam. To reach the required kinetic beam energy ofE = (γ − 1)mc2 = 7 TeV,

with γ = (1 − β2)−1/2, that leads to the desired centre-of-mass energy
√
s = 14 TeV, the protons need to

be accelerated to β = v/c = 0.999999991 times the speed of light c. The total energyEi and momentum

pi of the initial state particles i define the Lorentz invariant centre-of-mass energy:

√
s =

√√√√(∑
i

Ei

)2

−
(∑

i

pi

)2

(4.1)

The design beam energy of 7 TeV requires a magnetic field strength of 8.33 T to hold the protons in orbit,

generated by magnets using NbTi Rutherford cables cooled with superfluid helium down to 1.9 K [91]. The

protons are injected in bunches, where each bunch contains about 1.1 · 1011 protons. Once filled, the LHC

hosts 2808 proton bunches with an average spacing of 25 ns. Two independent radio-frequency (RF) cavity

systems accelerate and shape the two counterrotating LHC beams into their bunch structure at an operating

frequency of 400.8 MHz [91].

The target luminosity of the LHC isL = 1034 cm−2 s−1 and depends on several parameters [91]:

L =
N2

b nbfrγ

4πεnβ∗
F (4.2)
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Figure 4.1: Overview of the LHC and its underground location in Switzerland and France. Image taken from ref. [89].

Those parameters are the number of protons per bunchNb, the number of bunches per beam nb, the revo-

lution frequency fr, the relativistic factor γ, the normalised transverse beam emittance εn, the beta function

at the collision point β∗, and a geometric reduction factor F that depends on the crossing angle of the two

beams at the interaction point.

Figure 4.2 shows the CERN accelerator complex. The protons are accelerated in different stages. First,

LINAC41 [99] reaches abeamenergyof 160MeV, and then, theBOOSTER [100] goesup to 1.4GeV, followed

by the PS synchrotron [101] to reach 25GeV. The SPS synchrotron [102] reaches 450GeV andmarks the final

injection stage before the LHC. Two 2.5 km transfer tunnels connect the LHC to the SPS accelerator. The

LHC then ramps up the beam energy from 450 GeV to 7 TeV, which takes about 20 minutes with the two

independent RF accelerating systems [91].

The LHC was initially designed for a beam energy of 7 TeV, but LHC Run2 was done with 6.5 TeV

only [103]. The reason behind this is the magnet training. The magnets must be trained to reach the re-

quired magnetic field strength and electrical currents up to 12 kA without losing the superconducting state.

A small amount of energy can raise the temperature of the coils such that the superconductivity state is lost,

which is called a quench. The electrical current in the coils is increased until such a quench happens. Each

time this process is repeated, the current can be raised further until, ideally, the target magnetic field strength

is reached. During LHCoperation, training some individualmagnets for
√
s = 14TeVwould take too long,

so it was decided to continue with 13TeV for Run2 [103].

1LINAC4 replaced LINAC2 during the long shutdown in 2019-2020. LINAC2 had accelerated protons up to an energy of
50MeV.
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4.1 Large Hadron Collider

Figure 4.2: Overview of the LHC and the CERN accelerator complex. Image taken from ref. [97].

Figure 4.3: Runs and technical shutdowns of the LHC and High Luminosity (HL)-LHC. Image taken from ref. [98].
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4 The experiment

Figure 4.4: Schematic of the ATLAS detector and the subdetectors in the current configuration. The NSW has been
added during the technical shutdown between LHCRun2 and LHCRun3. Image taken from ref. [104].

The LHC andHigh Luminosity (HL)-LHC run schedule is summarised in fig. 4.3. Runs are always sepa-

rated by technical shutdowns (long shutdowns (LS)) used for maintenance and detector upgrades. The main

part of this work analyses data that has been recorded during Run2. When writing this thesis, we are in the

middle of Run3, with a centre-of-mass energy of 13.6 TeV. After the end of Run3, a three-year technical

shutdown will be used to upgrade the machine to the HL-LHC, which will most likely run until 2040 [98].

4.2 ATLAS detector

The ATLAS (AToroidal LHCApparatuS) detector has a cylindrical shape with a length of 46m, a diameter

of 25 m, and a total weight of 7000 tonnes. Those metrics make it the largest detector ever constructed

to observe particle collisions. This section will only outline the different subdetector systems that make the

ATLAS detector, ref. [92] is a very detailed description of the ATLAS detector configuration in LHCRun1,

and ref. [104] describes the current ATLAS detector configuration in LHCRun3.

ATLAS uses a right-handed coordinate system with its origin at the centre of the detector and the z-axis

along thebeampipe, thex-axis points to the centre of theLHCring, and they-axis points upward. Cylindrical

coordinates are used with the radius r in the x − y plane and the azimuthal angle ϕ around the beam pipe.

The polar angleΘ defines the pseudorapidity η = − ln tan(Θ/2). ATLAS covers nearly all angles around

the collision point.
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4.2 ATLAS detector

Figure 4.5: Schematic illustration of the inner detector that consists of the pixel detector together with the insertable
b-layer, the semiconductor tracker in barrel and endcap, and the transition radiation tracker in barrel and
endcap. Image taken from ref. [104].

Figure 4.4 shows a schematic of the ATLAS detector and the subdetectors. Starting at the beamline, the

inner detector comprises three parts: the pixel detector, the semiconductor tracker (SCT) and the transition

radiation tracker (TRT). The inner detector, immersed in aB = 2T axial magnetic field from the surround-

ing solenoid magnet, reconstructs the charged particle trajectories and measures their momentum. The elec-

tromagnetic and hadronic calorimeters start directly after the solenoidmagnet. Photons and electrons deposit

their energy in the electromagnetic calorimeter. In contrast, hadrons make it further out before they are ab-

sorbed in the hadronic calorimeter. Themuon spectrometer is the last part of theATLASdetector and is used

to reconstruct the trajectories ofmuons. All subdetectors have dedicated barrel and endcap designs. Themag-

netic fieldB = 0.5− 1 T required to bend the muon trajectories is created by the barrel toroid magnet and

the two endcap toroid magnets. The most significant additions to the ATLAS detector between LHCRun2

and LHCRun3 are the new small wheel (NSW) and upgrades to the calorimeter electronics that improve the

trigger system [104].

4.2.1 Inner detector

The inner detector, as shown in fig. 4.5 schematically, consists of the pixel detector, the semiconductor tracker

(SCT), and the transition radiation tracker (TRT). All subdetectors have specific geometries for the barrel

and endcap regions. Pixel and SCT form layers of concentric cylinders in the barrel and multiple discs in the
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Figure 4.6: The ATLAS inner tracking detector layout for one quadrant in the r − z plane, including the additional
insertable B-layer (IBL) at r = 33.5mm. The inner positioning tube (IPT) supports the IBL staves and sep-
arates them from the beam pipe. Next to the positions of the pixel layer, the positions of the semiconductor
tracker (SCT) layers and the transition radiation tracker (TRT) are shown for both the barrel and endcap re-
gions. The pixel and SCT detectors cover a pseudorapidity range of |η| < 2.5. Image and modified caption
are taken from ref. [105].
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4.2 ATLAS detector

Figure 4.7: Schematic illustration of the different calorimeter systems in ATLAS. The electromagnetic liquid argon
(LAr) calorimeter splits into a barrel (EMB), an endcap (EMEC), and a forward (FCal) region. The hadronic
calorimeter system consists of the Tile calorimeter in the barrel and extended barrel region and an LAr end-
cap (HEC) and forward (FCal) calorimeter. Image taken from ref. [104].

endcap. The TRT straw tubes are arranged parallel to the beamline in the barrel and radially in wheels in the

endcap.

Figure 4.6 details the positions of the inner detector barrel and endcap layers in the r − z plane. Most

important for the reconstruction of displaced vertices in this work are the four layers of the pixel detector at

r = 33.5mm, 50.5mm, 88.5mm, and 122.5mm in combinationwith the following four SCT layers at r =

299mm, 371mm, 443mm, and 514mm in the barrel region. The displaced vertex reconstruction algorithm

is outlined in section 4.4.2. The insertable B-layer (IBL) is part of the pixel detector andwas added just before

LHC Run2 [105]. The pixel and SCT detectors cover a pseudorapidity range of |η| < 2.5. The pixel sensor

has the highest granularitywith aminimumpixel size of (50×400)µm2, segmented in r−ϕ and z, with 80.4
million readout channels. The SCT detector is made of siliconmicrostrips with a total of 6.3 million readout

channels. The TRT is made of straw tubes that measure 4 mm in diameter and contain a 30 µm gold-plated

tungsten wire in their centre. The TRT covers a pseudorapidity range of |η| < 2with about 351000 readout

channels. Combining all three subdetectors provides an outstanding pattern recognition for tracking.

4.2.2 Calorimeters

Figure 4.7 summarises theATLAS calorimeter system. Dedicated calorimeter systems that vary in geometrical

designs over the pseudorapidity range of |η| < 4.9 are used to detect charged and neutral particles that inter-
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Figure 4.8: Schematic illustration of the different parts of the muon system in ATLAS. The new small wheel (NSW) is
special since it was added recently during the long shutdown two and was not part of the ATLAS detector
in LHC Run2. The muon system consists of three layers of monitored drift tube (MDT) chambers and
resistive plate chambers (RPC) in the barrel region. The two endcaps comprise thin gap chambers (TGC)
andMDT chambers. The barrel toroid magnet and the endcap toroid magnets create the magnetic field for
the muon system. Image taken from ref. [104].

act strongly or electromagnetically. The ATLAS detector uses sampling calorimeters, where active materials

follow layers of high-densitymaterials. The basic principle is to stop the particles and force them to deposit all

their energy, which is then measured by the active material. The electromagnetic calorimeter and all endcap

and forward calorimeters use liquid argon (LAr) as active material. The particles ionise the argon, which is

measured as an electric current. To keep the argon liquid, it needs to be cooled to -184◦C.

The central hadronic calorimeter uses scintillating plastic tiles as active material and layers of steel as an

absorber. The particle showers in the tiles produce photons that are transmitted throughwavelength-shifting

fibres to the read-out photomultipliers.

The different LAr calorimeters use different materials as absorbers: the electromagnetic LAr barrel and

endcap calorimeters use lead, the electromagnetic LAr forward and hadronic LAr endcap calorimeters use

copper, and the LAr hadronic forward calorimeters use tungsten. The calorimeter system is an essential input

for triggering signatures left by electrons, photons, taus, jets, and missing transverse energy.
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4.2 ATLAS detector

4.2.3 Muon spectrometer

Figure 4.8 highlights the different constituents of themuon system. Two large superconducting air-coremag-

nets deflect the muon tracks: the barrel toroid magnet in the pseudorapidity range of |η| < 1.4 and the two

smaller endcap toroids in the pseudorapidity range of 1.6 < |η| < 2.7. A superposition of magnet fields

fills the transition region in the pseudorapidity of 1.4 < |η| < 1.6. The B = 0.5 − 1 T strong magnetic

field is mostly orthogonal to the muon trajectories and constantly monitored by about 1800 Hall sensors to

account for perturbations. As with the other subdetector systems, the muon system splits into barrel and

endcap-specific geometries.

All muon detectors are filled with gas mixtures. If a muon track crosses, the gas ionises, and electrons drift

towards the anode (wire), where they induce a measurable signal. The types of muon chambers used for

tracking and triggering are shown in fig. 4.8. The new small wheel (NSW) was added between LHC Run2

and LHC Run3 and consists of small strip thin gap chambers (sTGCs) and micro mesh gaseous structures

(Micromegas). Both detector types are fast enough for triggering and precision tracking. All chambers must

be aligned with a precision of about 30µm to reconstruct the muon trajectories. Twelve thousand alignment

sensors monitor possible deviations from straight lines based on optical monitoring. Muon tracks with high

transverse momentum, formed from the x and y components of the momentum vector (pT =
√
p2x + p2y),

are also used to align barrel and forward regions. The resistive plate chambers (RPCs), the thin gap chambers

(TGCs) and the NSW can trigger single muon signatures.

4.2.4 Trigger and data aquisition

The trigger and data acquisition (TDAQ) system selects events that are interesting for physics analyses ac-

cording to the physics goals of ATLAS. The system, schematically shown in fig. 4.9, is split into three parts:

the hardware-based level-1 (L1) trigger system, the software-based high-level trigger (HLT) system, and the

actual acquisition (DAQ) system. The custom electronics of the L1 trigger combine reduced granularity in-

formation from the muon and calorimeter detectors to decide within 2.5 µs whether an event is interesting.

Due to rate restrictions by the detector read-out systems, the collision rate of 40 MHz must be reduced to

100 kHz. Events with positive L1 trigger decisions are then passed on to the read-out system. The trigger rate

is shared between the different physics objects considered attractive by the ATLAS collaboration at the time.

The followingHLT trigger stage is purely software-based and runs on commercial computers. TheHLT rate

is limited to 3 kHzbydata storage possibilities for offline reconstruction; a typical data rate is 6GB/s. Aprecise

reconstruction of the physics objects would be computationally too expensive. However, the HLT software

is designed to mimic the full offline physics object reconstruction as closely as possible. After a favourable

HLT decision, the data is stored for offline reconstruction and analysis. In case of CERN mass storage ser-

vices downtime, a storage volume of 1.4 PB is available close to the ATLAS detector to guarantee the storage

of 24 h of data taking.

35



4 The experiment

Figure 4.9: Overview of the trigger and data acquisition system of the ATLAS detector. The level-1 (L1) and high-level
trigger (HLT) systems deliver their decisions to the detector read-out and data flow scheme on the right that
transmits and stores the collision data. The 40 MHz collision rate is ultimately reduced to a 3 kHz output
rate of 6 GB/s that stores events interesting for physics analyses. Image taken from ref. [104].

4.3 Physics object reconstruction

Involved algorithms embedded in the ATLAS software framework Athena [106], named after the ancient

Greek goddess of wisdom, make sense of the multitude of hits from the different subdetectors. Figure 4.10

illustrates where different types of particles deposit their energy and which part of the detector is responsible

for their detection. The inner detector (pixel, SCT, and TRT) reconstructs the charged particle trajectories.

Photons and electrons leave all their energy in the electromagnetic calorimeter, while hadrons, such as pi-

ons, protons, and neutrons, make it into the hadronic calorimeter before leaving a hadronic shower signature

as illustrated in fig. 4.10. Muons can travel through the complete detector, leaving minimal ionising energy

signatures in the calorimeter and the muon spectrometer. Neutrinos are invisible to the ATLAS detector.

The following sections describe the reconstruction algorithms required to rebuild the physics objects needed

for this work: tracks (section 4.3.1), primary vertices (section 4.3.2), muons (section 4.3.3), electrons (sec-

tion 4.3.4), large-radius tracks (section 4.4.1), and displaced vertices (section 4.4.2).

4.3.1 Tracks

Tracks are defined in ATLAS via their impact parameters (d0, z0), their azimuthal and polar angles (ϕ, Θ),

and their charge over momentum ratio (q/p). Figure 4.11 defines those parameters in the ATLAS coordinate
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4.3 Physics object reconstruction

Figure 4.10: Schematic overview of particle candidates and where they are reconstructed in the ATLAS detector. The
scheme shows a cut in the x− y plane of the detector. Image taken from ref. [107].

Figure 4.11: Schematic illustration defining the track parameters used in ATLAS. A cylindric coordinate system is used
with the origin at the nominal interaction point at the centre of the detector, with the z-axis pointing along
the beam direction, the x-axis towards the centre of the LHC ring, and the y-axis upward. Shown are the
two impact parameters d0 and z0, the azimuthal angleϕ around the beam axis, the polar angleΘ that is also
expressed as pseudorapidity η = − ln tan(Θ/2), the transverse momentum pT defined in the x−y plane,
and the momentum vector p. Image taken from ref. [108].
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(a) (b)

Figure 4.12: Illustration of (a) single-particle clusters on a pixel sensor and (b) a merged pixel cluster due to very colli-
mated chargedparticles. Different colours represent energy deposits fromdifferent chargedparticles travers-
ing the sensor, and the particle trajectories are shown as arrows. Figure and caption are taken from ref. [109].

system. The impact parameter d0 marks the closest distance of the track to the beam line or z axis, while z0
marks the corresponding shift on the z axis with respect to the origin of the coordinate system.

In the ATLAS track reconstruction, tracks are formed first in the silicon part of the inner detector [109]

(pixel and SCT) and then extended to the TRT in an inside-out and outside-in tracking scheme [110]. The

primary track reconstruction in the pixel and SCT detectors starts with the clusterisation part of the raw

measurements in the detector modules. A so-called connected compound analysis algorithm [111] groups

charge measurements above a given threshold into clusters and connects cluster groups from the pixel and

SCT subdetectors. Space points, also called hits, are three-dimensional measurements that are formed from

clusters where the charged particles cross the active detector area. In the pixel detector, each cluster is one

space point, while in the SCT detector, clusters from both sides of the strip layer need to be combined to

receive a three-dimensionalmeasurement. The charge of each cluster is determinedwith a linear interpolation

technique further described in ref. [112]. Using so-calledMonte Carlo (MC) simulation ’truth information’2

at the MC event generator level and reconstructed quantities, the clusters can be classified as whether they

accompany only one (single particle cluster) or multiple particle trajectories (merged cluster). Figure 4.12

portrays the cluster classification schematically. In fig. 4.12 (a), the spatial separation of the tracks indicated

as arrows is high enough compared to the pixel density to form a single-particle pixel cluster per track. In

contrast, fig. 4.12 (b) shows a merged pixel cluster that contains three very collimated tracks, indicated as

arrows. Multiple tracks share so-called shared clusters. Those shared clusters indicate incorrect assignments,

and their maximum number per track is limited in the track reconstruction process.

2The so-called Monte Carlo simulation ’truth information’ contains information about the origin of all generated particles and
their links. If, for example, particles decay into other particles, those connections are stored. Comparing this information with
the reconstructed quantities, such as energy clusters, helps us to understand the capabilities of the reconstruction algorithms.
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4.3 Physics object reconstruction

Figure 4.13: A sample event from a tt̄MC simulation showing the two possible TRT hit associations (only the barrel
measurements): the brighter coloured hits show the extensions that follow the track found by seeds in the
silicon, while the darker grey ones show TRT hits found through the stand-alone track segment search.
The TRT segments are then used for backtracking into the silicon to optimise the overall reconstruction
efficiency. Figure and modified caption are taken from ref. [110].
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In the next step, track seeds are formed from three space points, whose impact parameter is estimated as-

suming a helical trajectory in a uniform magnetic field. The best quality seeds are mixed detector seeds that

include space points from both pixel and SCT detectors, followed by pixel-only and SCT-only seeds. Track

candidates are created using a combinatorial Kalman filter [113] that adds additional space points. Multiple

track candidates per seed are allowed in applying the Kalman filter. To be considered a track candidate, the

track seed must be at least compatible with an additional space point. A track score system is used to rank

tracks in terms of their quality. Each assigned cluster increases the track score, while holes decrease the track

score. Holes are detector elements that are crossed by the trajectory of the track candidate without forming a

cluster. In addition, the χ2 goodness of fit value from the track fit is included in the track score, and high pT
tracks are favoured over low pT tracks.

With the track scores in hand, the ambiguity solver can disentangle the situation of clusters assigned to

multiple track candidates (shared clusters). The guiding principles are that nomore than two tracks can share

a cluster, and each track can share a maximum of two shared clusters. If tracks fail the shared cluster criteria,

the algorithm can remove clusters from the track and assign a new score to see if the modified track would

make it to the next step.

In summary, track candidates must fulfil the following criteria: pT > 400 MeV, |η| < 2.5, ≥ 7 pixel

and SCT hits, maximal one shared pixel cluster or two shared SCT clusters on the same layer,≤ 2 holes for

pixel and SCT, ≤ 1 hole for pixel, |d0| < 2 mm, and |z0 sinΘ| < 3 mm. In the pixel detector, a neural

network is usedwhen track candidates are assigned tomultiple clusters to identifymerged clusters in the pixel

detector using the charge and relative position of the pixels [114]. The following final track fit uses all available

information, and track candidates that pass the ambiguity solver step are added to the final track collection.

Each cluster has an assigned position and uncertainty determined by a second neural network [114]. Tracking

efficiency plots for Run2 are given in ref. [109].

Now that we have track candidates from the silicon part of the inner detector, we can move on and try

to extend them to the TRT. Two schemes are used here: the actual extension algorithm and a processing and

evaluation part [110]. Adeterministic annealing filter [115],which is an extension to the standardKalman filter

that is optimised for high hit densities, is used to extend the track candidate to the TRT. Figure 4.13 shows the

matchedTRT extensions together with the silicon tracks in red. In a second approach, the tracking is reversed

from the outside to the inside of the inner detector. Leftover hits in the TRT are grouped into segments by

a global pattern recognition algorithm [110] and traced back into the silicon tracker to see if silicon segments

have beenmissed previously. The TRT segments are also shown in fig. 4.13 as dark grey dots. After successful

TRT extension, the tracks are refitted and added to the final InDetTrackParticles track collection that

can be used on the analysis level.
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4.3 Physics object reconstruction

Figure 4.14: Illustrative event display without dimensions of multiple interactions along the beamline (pile-up). The
reconstructed primary vertices are visible as coloured squares. The associated tracks are shown as lines in
the same colour. The mean proton bunch length at the interaction point is 7.94 cm, assuming a Gaussian
beam distribution [91]. Image taken from ref. [116] (Run number: 201289, event number: 24151616).

4.3.2 Primary vertices, pileup, and luminosity

At the ATLAS interaction point, multiple pp interactions occur along the beamline in the same bunch cross-

ing (as shown in fig. 4.14). A precise primary vertex reconstruction is required to disentangle the multitude

of tracks from the various interactions. Besides the interesting hard-scatter vertex3, we see many additional

vertices that usually originate from additional pp interactions with low transverse momentum transfer. This

superposition of vertices is referred to as pile-up. The amount of pile-up is quantified by the average num-

ber of inelastic pp interactions per bunch crossing, µ, under constant beam conditions. µ changes over time,

depending on the beam intensity, and is directly related to the instantaneous luminosityL [117, 118]. The pp

interaction rate dN/dt is equal to the luminosity times the production cross-section σpp [119]:

dN

dt
= L · σpp (4.3)

The instantaneous luminosity for a single colliding bunch pairLb is proportional to the revolution frequency

fr of theLHC,which is 11246Hz for protons times the average number ofpp interactions per bunch crossing

µ divided by the cross-section that corresponds to inelastic pp collisions σinel.

Lb =
µfr
σinel

=
µvisfr
σvis

(4.4)

µvis is the visible interaction rate per bunch crossing, and σvis corresponds to the part of σinel that can be

reconstructed in the detector. σvis is a calibration constant that can be determined using so-called Van der

Meer scans (for details, see ref. [118]). The quantity used at the analysis level is the integrated luminosity L,

3The so-called hard-scatter vertex describes the part of the pp interaction that contributes to the main event of interest, with a high
transverse momentum transfer in the scattering process.
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(a) (b)

Figure 4.15: a) Luminosity weighted distribution of the mean number of interactions per bunch crossing µ for the
2015-2018 pp collision data. b) Cumulative luminosity as a function of time that is delivered to ATLAS
(green), recorded by ATLAS (yellow), and certified to be good for physics analysis (blue). Figures taken
from ref. [120].

which follows from integrating L over time for a particular time interval, for example, 2015-2018, which

would be the integrated luminosity that corresponds to the full LHCRun2.

L =

∫
L(t)dt L(t) =

∑
b∈bunches

Lb(t) (4.5)

The total instantaneous luminosityL is obtained by summing over all colliding bunches b. Figure 4.15 shows

themeannumber of interactions per bunch crossingµ for thedifferent years of data takingduringLHCRun2

and the cumulative distribution of the integrated luminosityL for the same period. ATLAS has been unable

to record approximately 9 fb−1 of data due to downtimes in data acquisition. A total integrated luminosity

ofL = 139 fb −1 is considered suitable for physics analyses.

The reconstruction of the primary vertex starts with the reconstructed track collection and follows two

steps: the vertex finding and the vertex fitting [121]. All vertices with at least two tracks are primary vertex

candidates. The output of the vertex fitter is a set of three-dimensional vertex positions and their correspond-

ing covariance matrices. In each event, the vertex with the highest
∑

tracks p
2
T is considered as the primary

vertex [122].

4.3.3 Muons

The reconstruction of muons splits into two categories: standalone muons that only use MS information in

their reconstruction and muons that are reconstructed using all available information from the subdetector

systems [123]. Typical muon origins at the LHC areW andZ decays and decays from heavy flavour hadrons.

Those decays happen very close to the pp interaction point.
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For standalone muons, the reconstruction starts with forming so-called segments, which are straight-line

approximations of track segments in an individual MS station. The segments are identified from the indi-

vidual hits using a Hough transformation [124]. Segments of the different MS stations are then combined

into track candidates that point loosely to the interaction point. A simple parabolic trajectory is used as an

approximation of the bending in the magnetic field. The final global χ2 fit for the muon trajectory includes

effects of material interactions and misalignments between the detector chambers. Outlier hits that don’t fit

the candidate trajectory are removed in an additional track optimisation step, while other potentially match-

ing hits are added. The track fit is then repeated, including the new set of hits. Tracks that share many hits

with higher quality tracks are removed to solve ambiguities. Finally, the track candidates are extrapolated to

the beamline and refitted while considering the muon’s energy loss in the calorimeters.

Types of muons

Muon candidates that are reconstructed using all subdetector systems are classified into several groups: com-

bined (CB), inside-out combined (IO), muon spectrometer extrapolated (ME), segment tagged (ST), and

calorimeter tagged (CT).

Combinedmuons The guiding principle for combinedmuons is tomatch theMS tracks to the ID tracks.

A combined fit is performed that is based on all hits in the ID and theMS, and that takes the energy losses in

the calorimeters into account. Similar to the standalone muon reconstruction, a track optimisation step can

update the set of hits and the track fit is repeated.

Inside-out-combined The inside-out muon reconstruction scheme tries to extrapolate ID track candi-

dates into the MS and looks for at least three loosely aligned MS hits. The combined fit includes all hits and

the energy losses in the calorimeters. IOmuons recover some reconstruction efficiency because the technique

does not depend on independently reconstructedMS tracks and is interesting for low pT muons that poten-

tially only reach the first layer of MS.

Muon spectrometer extrapolated The MS track parameters are extrapolated to the beamline in

caseswhere the ID trackmatchingwith theMS tracks fails. The additionalME reconstruction branch extends

the acceptance for muons that are created outside the ID, such as muons from pion or kaon decays.

Segment tagged Here, the ID tracks are extrapolated to theMS as well, but they fail the requirement of

IO muons. The ST muons are matched with at least one MS segment. The ID track parameters are taken as

the ST muon parameters.

Calorimeter tagged Muons leave characteristic energy deposits in the calorimeters. Those charac-

teristics are utilised to reconstruct CT muons, where the ID track is only extrapolated to the calorimeters.
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The muon parameters are again taken from the ID track parameters. Here, larger contributions from tracks

misidentified as muons are expected.

Working point definition

Now that a set of different muon candidates is formed, we can order them regarding their "muonness". The

muon quality depends on various parameters, such as the number of hits in the ID subdetectors, the number

of MS stations involved in the MS track formation, the track fit properties themselves, and variables that

quantify the compatibility between the subsystems. The particular set of parameters applied to the muon

candidate is called the muon working point. Three standard working points are defined in ATLAS, listed

with increasing purity and decreasing identification efficiency: Loose,Medium, and Tight. The working

points are inclusive in a way that all Tightmuons also fulfil theMedium working point, and allMedium

muons also fulfil the Loose working point. Muon reconstruction efficiencies for the three working points

as a function of transverse momentum and pseudorapidity are shown in fig. 4.16.

To define the working points, we need to start with their defining parameters first. Precision stations are

MS stations in which the muon has at least three hits in the MDT or CSC detectors. Precision hole stations

are MS stations where muons have less than three hits and miss at least three hits that are expected by the

trajectory. The charge over momentum q/p compatibility is defined only for CB and IO muons. It depends

on the track parameters from the ID and the MS q/pID,MS and their uncertainties σ(q/pID,MS):

q/p =
|q/pID − q/pMS|√

σ(q/pID)2 + σ(q/pMS)2
(4.6)

TheMedium working point for muons, which is used exclusively in this thesis, then requires≥ 1 pixel hit,

≥ 5 SCT hits, ≤ 2 holes in pixel and SCT for CB, IO, ST, and CT muons. CB and IO muons need ≥ 2

precisionMS stations (≥ 1 precisionMS station if≥ 1 precision hole MS station) for |η| < 2.5 (|η| < 0.1)

and q/p < 7. Definitions of the Loose andTightworking points can be found in ref. [123].

4.3.4 Electrons

The electron reconstruction in ATLAS can be split into three steps: the seed cluster reconstruction, the track

reconstruction, and the actual electron candidate reconstruction [125]. When high-energy electrons come

into contact with the detector material, they lose energy primarily due to bremsstrahlung. The photons pro-

duced can then convert into electron-positron pairs that interact with the detectormaterial again. Those elec-

trons, positrons and photons are emitted in a collimated way and typically reconstructed as part of the same

electromagnetic cluster. This shower can also happen in the inner detector or at the beam pipe, resulting in

numerous tracks. For a successful electron reconstruction, a few key ingredients are needed: localised clusters

of energy deposits in the electromagnetic (EM) calorimeter, charged particle tracks in the inner detector, and
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(a) (b)

Figure 4.16: Muon reconstruction and identification efficiencies for the Loose,Medium, andTightworking points.
The left plot shows the efficiencies measured in J/ψ → µ+µ− events as a function of pT . The right
plot displays the efficiencies measured in Z → µ+µ− events as a function of η, for muons with pT >
10GeV. The predicted efficiencies are depicted as open markers, while filled markers illustrate the result of
the measurement in collision data. The statistical uncertainty in the efficiency measurement is smaller than
the size of the markers, and thus not displayed. The panel at the bottom shows the ratio of the measured to
predicted efficiencies, with statistical and systematic uncertainties. Figures and are taken from ref. [123].

a close matching in the η × ϕ space of the tracks to the clusters formed in the EM calorimeter. Figure 4.17

schematically shows the parts of the ATLAS detector involved in the reconstruction.

The energy cluster candidates in the EM calorimeter are seeded from localised energy deposits using a slid-

ing window algorithm if the transverse energy exceeds 2.5 GeV. The reconstruction efficiency of the seed

cluster formation ranges from 65% atET = 4.5GeV to 99% atET = 15GeV [125].

The track reconstruction [109] for electron candidates is done in two ways: the standard ATLAS track

reconstruction following the ATLAS Global χ2 Track Fitter [126] and a fitting procedure using a Gaussian-

sum filter (GSF) [127] that is optimised for electron tracks and that shows better performance in dealing with

energy losses of charged particles in the detector material. The GSF method [128] is a generalisation of the

Kalman filter scheme [113] that is usually used in tracking. Non-linear effects related to bremsstrahlung are

assessed by the GSF method, and a sum of Gaussian functions models experimental noise. Multiple Kalman

filters run in parallel, and a weighted sum of Gaussian functions approximates each track parameter.

Finally, the GSF track candidate is matched to the seed cluster in the EM calorimeter. Electron candidates

must have no associationwith a vertex from photon conversion [129]. The final calibration of the EM clusters

to obtain the original electron energy is performed using multivariate techniques [130].

Likelihood ID Scheme Instead of cutting on several variables, a likelihood identification scheme [125] is

used to identify electron candidates. A likelihood-based identification is more inclusive than a cut-based one:

candidates that would fail the selection because of one variable could still pass the likelihood-based identifica-

tion.
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Figure 4.17: Schematic illustration of the path of an electron through the detector. The red trajectory shows the hy-
pothetical path of an electron, which first traverses the tracking system (pixel detectors, then silicon-strip
detectors and lastly, the TRT) and then enters the electromagnetic calorimeter. The dashed red trajectory
indicates the path of a photon produced by the interaction of the electron with the material in the tracking
system. Figure and modified caption are taken from [125].

Figure 4.18: The transformed LH-based identification discriminant d′L for reconstructed electron candidates with good
quality tracks with 30GeV< ET < 35GeV and |η| < 0.6. The black histogram is for prompt electrons
in a Z → e+e− simulation sample, and the red (dashed-line) histogram is for backgrounds in a generic
two-to-two process simulation sample. The histograms are normalised to unit area. Figure and caption are
taken from [125].
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(a) (b)

Figure 4.19: Identification efficiencies of electrons fromZ → e+e− decays as a function of the electrons (a) transverse
momentum and (b) pseudorapidity for the different identification working points. The top panels show
the efficiencies obtained in data and simulation, with their statistical and total uncertainties displayed as
inner and outer error bars. Themiddle panels show their ratio applied as correction factors in analyses. The
bottom panels show the statistical and the total uncertainties in the data/MC ratio. Figures and are taken
from ref. [131].

Two likelihoods are defined for signal S and backgroundB:

LS(x⃗) =

n∏
i=1

PSi(xi) and LB(x⃗) =

n∏
i=1

PBi(xi) (4.7)

Each likelihood comprises a product of n probability density functions PSi/Bi
for each input parameter xi.

The likelihoods are formed by input parameters such as the energy ratio of the first layer in the hadronic

calorimeter and the electromagnetic calorimeter (also called hadronic leakage), energy ratios within layers of

the electromagnetic calorimeter, track properties such as number of hits, transverse impact parameter d0,

significance of the transverse impact parameter (defined as the ratio of d0 to its uncertainty: |d0/σ(d0)|), and
momentum difference between the closest point to the beam axis and last measurement point. Details about

the input parameter xi are given in [125].

For each electron candidate, a discriminant is formed:

dL =
LS

LS + LB
(4.8)

dL peaks at 1 for the signal and at 0 for the background. This discriminant is further transformed to simplify

a working point (WP) definition:

d′L = − 1

15
ln

(
1

dL
− 1

)
(4.9)
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WPs are defined based on numeric cutoffs on d′L, such that electron candidates that exceed a particular value

of d′L are considered as signals and, therefore, electrons. Figure 4.18 shows the discrimination power of the

transformed discriminant d′L between prompt electrons from aZ → ee simulation sample and background

frommultijet production,W andZ production, and events featuring top quarks.

Standard inclusive WPs are defined that correspond to different values of d′L. The WPs are LHVery-

Loose, LHLoose, LHMedium, and LHTight. Inclusive means that electron candidates that pass the

LHTightWP also pass all looserWPs. Depending on theWP, there are different requirements for the num-

ber of hits in the inner detector:

• LHTight, LHMedium, LHLoose: ≥ 2 pixel hits+≥ 7 combined pixel and SCT hits.

• LHTight, LHMedium: one of the pixel hits must be in the innermost functional pixel layer (helps

to reduce background from photon conversions).

• LHVeryLoose: ≥ 1 hit in the pixel detector.

Figure 4.19 summarises the electron identification efficiencies for the three different working points

LHTight, LHMedium, and LHLoose as a function of transverse energy ET and pseudorapidity η.

As expected, the loosest WP reaches the highest identification efficiency, as the selection is less strict. The

efficiency of electron identification is lower for lower transverse energies and reaches its maximum for

ET > 80GeV. For further details, see ref. [131].

Specific to this work, we define an additional WP to increase the reconstruction efficiency for highly dis-

placed electron candidates with low transverse energy relevant for long-lived particle decays. An ATLAS

search has already used this additional WP for displaced leptons; see ref. [132] for details on the improve-

ment of the reconstruction efficiency. Ref. [132] quotes a reconstruction and identification efficiency of 80%

for electrons with |d0| < 10mm and pT > 20GeV. We call the WP LHVeryVeryLoose since it removes

all requirements on the impact parameter d0 and imposes no minimum number of hits for the pixel or SCT

detector. Other than that, it is identical to LHVeryLoose. However, there are requirements on displaced

vertex tracks that will be discussed later in this chapter.
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Table 4.1: Listing of the main differences between standard and large-radius tracking [133].
standard large-radius tracking

max(|d0|)/mm 10 300
max(|z0|)/mm 250 1500
max(|η|) 2.7 5
max(# of shared silicon clusters) 1 2
min(# of unshared silicon hits) 6 5
Kalman filter type combinatorial sequential

4.4 Special long-lived particle reconstruction

A dedicated reconstruction chain is necessary to reconstruct signatures of long-lived particles in the ATLAS

detector. The twomain reconstructionmethods used are large-radius tracking and secondary vertexing. Both

are briefly outlined below.

4.4.1 Large-radius tracking

The standard tracking schemes pursued in the ATLAS reconstruction chain assume that particles are pro-

duced close to the interaction point (IP). This is why dedicated long-lived particle searches must rely on a

third type of tracking next to the standard inside-out and outside-in algorithms described in section 4.3.1: the

so-called large-radius tracking (LRT) [133]. LRT substantially widens the track parameter and loosens some

requirements compared to standard tracking to incorporate that decay products of long-lived particles emerge

further away from the IP and retain a high reconstruction efficiency level. Table 4.1 highlights the differences

between the standard tracking and LRT.

LRT follows the strategy of standard inside-out tracking closely. Track seeds are created from leftover hits

that the standard tracking algorithms have not used. Then, a pattern recognition algorithm creates track seeds

followed by a window search that forms the track candidate. The sequential Kalman filter [113] used here is

one key difference from the standard tracking since it forms only one possible track candidate from the hit

pattern. The following ambiguity solver step uses the relaxed parameters listed in table 4.1. Track candidates

that make it through the ambiguity solver step are, if possible, extended to the TRT exactly as it is done in

the standard tracking. Tracks with a TRT extension are added to the final LRT track collection and merged

into the standard track collection. Figure 4.20 shows the reconstruction efficiency for displaced leptonic and

hadronic tracks as a function of the radius rprod, with rprod being the distance in the x − y plane between

the beamline and the point where the displaced tracks emerge. For both leptonic and hadronic tracks, the re-

construction efficiency decreases with increasing rprod. For high rprod values, LRT can reconstruct displaced

tracks where the standard tracking fails. Unfortunately, even the combined reconstruction efficiency of stan-

dard and large-radius tracks decreases for increasing rprod. Reasons for this are algorithmic inefficiencies and

the fact that the ATLAS detector is optimised for prompt tracks, not largely displaced ones [133].
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(a) leptons (b) hadrons

Figure 4.20: Inclusive track reconstruction efficiency for displaced charged particles produced by the decay of long-lived
signal particles. The efficiency is shown as a function of the radius of the production of displaced particles
rprod (defined in the x − y plane between the beamline and the production point of the displaced par-
ticles), with truth particles and tracks subject to fiducial selections. The efficiency for standard and large-
radius tracking is additive, and the total efficiency is the sum of both. Figures and modified are taken from
ref. [133].

4.4.2 Displaced vertex reconstruction

Now that we have reconstructed large-radius tracks, we can continue and describe how the VertexSecondary-

Inclusive (VSI) algorithm [134] is used to reconstruct displaced vertices from long-lived particle decays with

macroscopic lifetimes cτ ≥ O(1mm). The algorithm is designed to be as flexible as possible to allow fine-

tuning for a wide range of long-lived particle signatures.

In the first step, two-track seed vertices are formed. However, not all tracks can serve as input tracks due

to the high track multiplicity. Seeding tracks need to have: pT > 1 GeV, no association to a primary vertex

from hard-scatter or a vertex from pileup interactions [122],≥ 6 SCT hits for tracks with zero pixel hits,≥ 1

TRT hit for tracks with≤ 2 pixel hits, and≥ 7 SCT hits for tracks with pT < 20GeV,≥ 20 TRT hits for

tracks with pT < 20 GeV and |η| < 1.5, and |d0| > 2 mm. Two-track seed vertices are formed from all

possible combinations of these preselected tracks. A χ2 vertex fit is performed [135] and the resulting vertex

position rvtx needs to be smaller than the SCT/TRT boundary at 563 mm. Both tracks that form the vertex

candidate need to pass a hit pattern consistency check that consists of allowed, required, and forbidden hits

as illustrated in fig. 4.21.

At this stage, a single track can be used multiple times in different seed vertices. An undirected graph net-

work is used to formmulti-track vertices [134].Now, only the associationwith the best-fitting vertex (smallest

χ2
vtx/ndof , with the degrees of freedom ndof = 2n− 3 for a n-track vertex [134]) is kept for each track.

In the vertex merging step, nearby vertices are merged into a single multitrack vertex. The vertex fit is re-

peated after the merge.

The last step in the vertex reconstruction is the track attachment step. Here, nearby tracks can be attached

to vertex candidates. The tracks considered in the track attachment step are only required to passpT > 1GeV,
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4.4 Special long-lived particle reconstruction

(a) vertex between two layers (b) vertex close to one layer

Figure 4.21: The schematic shows the transverse view of the pixel detector in the barrel region. (a) The vertex is between
the two layers of B-Layer and Layer-1 sensors. The tracks of the reconstructed secondary vertex must not
have hits on the layers within the vertex radius (i.e. IBL and B-Layer) and must have hits on the closest
layer outside the vertex (i.e. Layer-1). (b) The vertex is close to the pixel B-Layer sensors. In this example,
where the vertex is inside the B-Layer, the tracks are not allowed to have hits on the IBL (forbidden hits,
blue crosses) butmay have hits on the B-Layer (allowed hits, black circles) andmust have hits on the Layer-1
(required hits, red dots). Analogous requirements aremade on vertices close to the other layers. Figures and
modified caption are taken from ref. [134].

and tracks that are already associated with primary pp interactions are included. The vertex fit is repeated for

each track attachment.

Now, a final fit is performed, including all successfully attached tracks. The invariant mass of the vertex

is calculated assuming mπ± for all tracks. Figure 4.22 shows the vertex reconstruction efficiency and the

difference between the true and reconstructed vertex position for different types of long-lived particle decays

(for details, see ref. [134]). The reconstruction efficiency is lower for vertices with lower track multiplicity.

The vertex position resolution depends on the resolution of the track parameters, but fig. 4.22 shows good

agreement between the true rtruthLLP decay and reconstructed vertex positions rreco.

As it will be discussed in section 5.5.1, we optimised the VSI algorithm for the long-lived signature of lep-

tonic HNL decays with their low track multiplicity to reach higher vertexing efficiencies while keeping the

background at a manageable level.
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(a)

(b)

Figure 4.22: Shownhere is the (a) reconstruction efficiency and (b) the difference between the true (MCevent generator
level) and reconstructeddecayposition for different long-livedparticle decays. Figures taken fromref. [134].
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4.5 Simulation

It is critical to have precise simulations of the signature that HNLs leave in the detector to understand their

kinematics and to design the criteria to select events that could containHNLs. Also, possible SMbackground

processes need to be simulated to predict the number of expected events that leave similar traces in the detec-

tor. The matrix elements M of the processes of interest are too complex to compute beyond the first few

orders of perturbation theory. Due to the complexity of the processes and the necessity to integrate over a

final state phase space of huge and variable dimensions, those simulations rely on numerical Monte Carlo

(MC) integration methods [138]. This section briefly summarises the simulation methods used at the LHC,

particularly in the ATLAS experiment.

In the simulation, the various subprocesses are factorised into different momentum scales to simplify their

treatment. Figure 4.23 illustrates the subprocesses involved in the pp interaction. The red blob in the centre

represents the hard collision (or ’hard-scatter’) part of the simulation, where the constituent partons of the

incoming beams interact and produce a small number of highly energetic outgoing partons, leptons, or gauge

bosons. The actual event of interest is simulated in the hard-scatter part of the simulation. Due to the asymp-

totic freedomofQCD, the high-energy part of the simulation that involves a highmomentum transfer can be

solved using perturbation theory, with the corresponding matrix element being computed e.g. via Feynman

diagrams.

The cross-section σab→n of the hard subprocess ab → n with the inital state partons a, b and the final

state particles n can be computed using a factorisation formula [139, 140]:

σab→n =
∑
a,b

∫ 1

0
dxadxb

∫
dϕnf

h1
a (xa, µF )f

h2
b (xb, µF )

1

2xaxbs
|Mab→n|2(ϕn;µF , µR) (4.10)

where fh1/h2

a/b (xa/b, µF ) are the parton distribution functions (PDFs) that depend on the momentum frac-

tion xa/b of parton a/b to its parent hadron h1/h2 momentum and the so-called factorisation scale µF . The

matrix element squared |Mab→n|2(ϕn;µF , µR) follows from the sumof possible Feynman diagrams up to a

particular order in perturbation theory. The choice of the PDF set is usually connected to the choice of the fac-

torisation and renormalisation scale µR. A single energy scaleQ2 can be defined such that µF = µR = Q2.

Examples of proton PDFs forQ2 = 10GeV2 andQ2 = 104 GeV2 are shown in fig. 4.24.

s in eq. (4.10) is the centre-of-mass energy squared of the two colliding protons and dϕn is the differential

phase space element for the n final state particles:

dϕn =

n∏
i=1

d3pi
(2π)32Ei

· (2π)4δ(4)
(
xaPa + xbPb −

n∑
i=1

pi

)
(4.11)

with the momenta pi and energies Ei of the final state particles and the initial state hadron momenta Pa/b.

δ(4) is the Kronecker-Delta function in four dimensions.
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Figure 4.23: Sketch of a hadron-hadron collision as simulated by a Monte Carlo event generator. The red blob in the
centre represents the hard collision, surrounded by a tree-like structure representingBremsstrahlung as sim-
ulated by parton showers. The purple blob indicates a secondary hard scattering event. Parton-to-hadron
transitions are represented by light green blobs, dark green blobs indicate hadron decay, and yellow lines
signal soft (low pT ) photon radiation. Figure and modified caption are taken from ref. [136].
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Figure 4.24: Example of MMHT2014 NNLO parton distribution functions (PDFs) for protons (with valence quark
content of two up quarks and one down quark) at an energy scale Q2 = 10 GeV2 (left) and Q2 =
104 GeV2 (right) with associated 68 % confidence-level uncertainty bands. f(x,Q2) is the probability
of finding a parton with a momentum fraction x from the parent proton when the proton is probed at
the energy scaleQ2. Shown are PDFs for up and down valence quarks (uV, dV) that dominate at high x
and PDFs for gluons (g), anti-up and anti-down quarks (ū, d̄) as well as strange and charm quarks (s, c)
that dominate at low x. The probability f(x,Q2) is scaled by x on the vertical axis. Figure and modified
caption are taken from ref. [137].

Now, continuing outwards from the hard-scatter centre in fig. 4.23, we see various other subprocesses in-

volved as we go down in energy. The tree-like structure in fig. 4.23 represents the parton showers of incoming

and outgoing coloured participants in the subprocess. The partons can radiate gluons, while the gluons can

radiate other gluons or produce pairs of quarks and antiquarks, which causes a shower of outgoing partons.

This parton shower is likely collinear with the outgoing partons and forms a structure of a localised bundle

that containsmost of the energy of the outgoing parton, also called a jet. Another subprocess is the secondary

interaction, often called the underlying event, which describes the interaction of the remaining partons of

the colliding hadrons that are not directly involved in the hard-scatter process (indicated by a purple blob in

fig. 4.23). Non-perturbative strong interactions that convert the partons into outgoing hadrons and connect

them to the incoming beam hadrons indicated as light green blobs in fig. 4.23 happen at low energy scales

(O(1) GeV). In this process called hadronisation, phenomenological models inspired by QCD are used, as

the strong coupling constant in the low energy regime is too large for the use of perturbation theory. The two

main models here are the string model [141] and the cluster model [142]. The set of values for the parameters

(for a given model) obtained from a fit to data used for parton showering, hadronisation and the underlying

event is called ’tune’ and corresponds to the used PDF set. The models are predictive for new collision types

or energies once tuned to a dataset. The last important subprocess illustrated as dark green blobs in fig. 4.23

are decays of hadrons with a lifetime smaller than the detector’s size.
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In ATLAS, everything related to the MC simulation is embedded in the ATLAS simulation infrastruc-

ture [143]. The full event simulation has to be comparable with real detector data from the pp collisions, such

that both real and simulated data end up in the same data format that the reconstruction algorithms can pro-

cess. Once the event is simulated using an event generator such as Pythia 8.212 [144], which can simulate

the hard-scatter event itself and the parton showering, we still need to take care of the detector response that

includes the reconstruction of the physics objects, as discussed in this chapter. The particles are propagated

through a detailed three-dimensional model of the ATLAS detector using theGeant4 simulation [145]. Af-

terwards, the energy deposits created by the particles in the different subdetectors are digitised. This digitised

energydeposit canbebinary in a submodule of the detector, where a voltage or current rises above apredefined

threshold, creating a hit. Moreover, some subdetectors store the digitised version of the full signal current or

voltage detector waveform as a function of time. Every subdetector is equipped with a unique digitisation

software. After the digitisation step, the simulated and real detector data can be run through the same trigger

and reconstruction frameworks. The simulation framework also incorporates effects related to the detector

and pile-up conditions at a particular time of data-taking. The simulated events are scaled in a process called

pile-up reweighting to reproduce the distribution of the average number of interactions per bunch cross-

ing µ observed in the data. Depending on the use case and the number of events required to be simulated,

the CPU-intense full simulation of the ATLAS detector response can be accelerated by one of the so-called

fast-simulation schemes available in ATLAS. For example, the ATLAS fast (Atlfast-II) simulation [146] saves

about 80 % of the simulation time spent with hadron showers inGeant4 using pre-simulated showers that

can be restored from libraries. The ATLAS simulation infrastructure also entails the validation of the simu-

lation output against known physics processes, as well as software validation and performance testing. The

simulated samples used in this work will be discussed in section 5.4.1.
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5 Search for long-lived heavy neutral

leptons

In 2023, the search results for long-lived HNLs using the ATLAS detector and the full LHC Run2 dataset

(2015-2018), including 139 fb−1 of 13 TeV pp collision data, were published [10]. This chapter describes the

data analysis and its key findings.

5.1 Sensitivity

HNLs (N ) are typically parameterised by their squared couplings to SM neutrinos |U |2 and their massmN .

Experiments then simplify the HNL parameterisation by assuming only one HNL that couples to only one

SM neutrino flavour |Uα|2, with α = e, µ, τ . Different experiments can probe different regions in the cou-

pling constant versus mass space due to their specific sensitivity. Figure 5.1 shows a recent summary of ex-

clusion limits from different experiments assuming only coupling to electron neutrinos |Ue|2. The type I
Seesaw mechanism (see section 3.2.2) sets a lower bound in the HNL coupling versus mass plane where the

mixing of theHNLswith the active neutrinos becomes too small to produce the observed pattern of neutrino

flavour oscillations [147, 148]. The type I Seesaw bound is not visible in fig. 5.11, because it is less constrain-

ing than the cosmology bound, where the Big Bang Nucleosynthesis is simulated with HNLs present [149].

The bounds on the unitarity of the PMNS matrix come from a global fit to electroweak and flavour observ-

ables [150, 151]. The low mass range in fig. 5.1 is dominated by mostly fixed target experiments that study

HNLs produced in charged pion decays up to aboutmN ∼ 0.14 GeV [152, 153], charged kaon decays for

0.1 ≲ mN ≲ 0.5GeV [154, 155], and chargedD andDs-meson decays for up tomN ∼ 2GeV [156, 157]. In

contrast, collider experiments such asDELPHI [158],ATLAS [10, 159], andCMS [160, 161] take over at higher

masses in the GeV range up to the electroweak scale for HNLs produced inZ andW± boson decays. Similar

summaries of the exclusion limits in theHNL coupling versus mass plane for muon-only coupling |Uµ|2 and
tau-only coupling |Uτ |2 are given in figs. 5.2 and 5.3. Currently, there are no limits for the tau-only coupling

|Uτ |2 in either ATLAS or CMS.

1The type I Seesaw bound is shown in fig. 8.2 for the total coupling |U |2 as a function of HNL mass together with the expected
sensitivities of numerous proposed future experiments.
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Figure 5.1: Constraints on |Ue|2 as a function of HNL mass mN (electron coupling only, Majorana HNLs). Image
taken from ref. [163]. The exclusion limits (from left to right) are taken from: The PIENU experiment
at TRIUMF and KENU studying HNLs from pion decays [152, 153], cosmology bounds from Big Bang
Nucleosynthesis simulations [149], theBorexinoneutrino experiment [164], theTRIUMF limits [165], the
NA62fixed target experiment atCERNstudyingHNLs fromkaondecays [154], theND280detector of the
T2K experiment studying HNLs from kaon decays [155], theDELPHI experiment studying HNLs from
Z decays [158], the Belle experiment at the KEKB e+e− collider [166], the CHARM experiment study-
ing HNLs from D meson decays [156], the BEBCWA66 beam dump experiment [157], the limits derived
in this thesis (ATLAS2022, full LHC Run2 data) [10], the previous ATLAS limits that include prompt
HNLs from W boson production (ATLAS2019, partial LHC Run2 data) [159], the CMS experiment
(displaced, 2022, full LHC Run2 data) [161] and (prompt, 2018, partial LHC Run2 data) [160], PMNS
unitarity [150, 151], the L3 experiment at LEP [167].

The search discussed in this thesis focuses on long-lived HNL signatures. Here, the HNL travels macro-

scopic distances up to O(100) mm. Higher lifetimes of the HNL help to probe smaller couplings, as the

coupling constant squared scales inversely proportional to the mean lifetime τN [162]:

|Uα|2 ∝
1

cτN ·m5
N

(5.1)

Next to the parameterisation in ref. [162], the HNL coupling dependence ofm5
N becomes clear when com-

paring it with the three-bodymuondecayµ− → e−ν̄eνµ analogous to the three-bodyHNLdecayN → llν.

In the muon decay, the muon lifetime τµ is related to its mass mµ by Γ(µ− → e−ν̄eνµ) = 1/τµ =

G2
Fm

5
µ/(192π

3), where Γ is the decay width and GF the Fermi constant. GF is related to the weak cou-

pling constant gw by the W boson mass mW : GF =
√
2g2w/(8m

2
W ). Therefore, we see a similar mass

dependency for the muon three-body decay as for the HNL decay in eq. (5.1):G2
F ∝ 1/(τµm

5
µ) [27].

As shown in eq. (5.1), higher HNL lifetimes lead to smaller couplings, which in turn lead to small cross-

sections (σN ∝ |Uα|2 × factor that depends on mass).

These constraints lead to bean-shaped exclusion contours as shown in fig. 5.1 for the ATLAS 2022

search [10], which is presented in this thesis. The upper part of the contour is limited by constraints on

the decay position in the detector of the HNL to exclude SM decays that happen almost directly at the
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Figure 5.2: Constraints on |Uµ|2 as a function ofHNLmassmN (muon coupling only,MajoranaHNLs). Image taken
from ref. [163]. Exclusion limits (from left to right) are taken from: cosmology bounds from Big Bang
Nucleosynthesis simulations [149], the PSI experiment [168], the PIENU experiment [169], the LSND
neutrino experiment [170], the T2K experiment [155, 171], the µBooNE experiment at Fermilab [172],
KEK [153], theNA62 experiment [173], theBEBC beam dump experiment [174], theNuTeV experiment
at Fermilab [175], theNA3 experiment [176], theDELPHI experiment [158], the limits derived in this thesis
(ATLAS2022, full LHCRun2 data) [10], the previous ATLAS limits that include promptHNLs fromW
boson production (ATLAS2019, partial LHC Run2 data) [159], the CMS experiment (displaced, 2022,
full LHC Run2 data) [161] and (prompt, 2018, partial LHC Run2 data) [160], PMNS unitarity [150,
151].

Figure 5.3: Constraints on |Uτ |2 as a function of HNL massmN (tau coupling only, Majorana HNLs). Image taken
from ref. [163]. Exclusion limits (from left to right) are taken from: cosmology bounds from Big Bang
Nucleosynthesis simulations [149], Atmospheric ν bounds [177], Borexino bounds [178], the CHARM
experiment [179], the CHARM experiment [180], the ArgoNeuT experiment [181], the BEBC experi-
ment [157], the BaBar experiment [182], theDELPHI experiment [158], PMNS unitarity [150, 151].
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Figure 5.4: Feynman diagrams of the leptonic signature considered in the search. The HNLN is assumed to be pro-
duced viaW boson decay and then decays itself into two leptons lβ , lγ and a neutrino νγ via an off-shell
W ∗ (charged current). Depending on the model, lepton number conserving (LNC, left) and lepton num-
ber violating (LNV, right) decays are considered. Equivalent processes with an initialW− are valid as well.
The crosses× indicate the mixing between the SM neutrinos and the HNL.

main pp collision point. Constraints on the mass of the displaced vertex limit the contour towards lower

masses. Further constraints on the transverse distance of the displaced vertex to the beam line restrict the

contour towards large couplings in a functional form of |U |2 ∝ m−5
N for cτN = const. Those selections

will be discussed in detail in section 5.6.3. Most interesting are the right (’high’ HNL mass) and lower (low

couplings) regions of the contour, where we constantly try to push the limits. We are limited by the size of the

ATLAS inner tracker when it comes to HNL decays with high displacements with respect to the beam line.

Those size limitations mean we lose sensitivity at mean HNL decay lengths of cτN ≈ 100 . . . 1000mm.

The right side of the contour is limited because of the decrease in coupling strength (that is proportional

to the HNL production cross-section) with increasing mass (eq. (5.1)). In contrast to the ATLAS 2022

contour, the CMS 2022 [161] contour shown in fig. 5.1 is not closed at the top. The reason for that is the

different analysis strategy that allows for less stringent constraints on the transverse HNL decay position.

The CMS strategy, in turn, requires a more complex treatment of SM backgrounds. We in ATLAS did not

focus on excluding the ’high’ coupling region, as DELPHI already excluded it. Our goal in this search was to

push the limits towards lower couplings and higher masses.

64



5.2 Signature

5.2 Signature

The search focuses on the leptonicHNLproduction viaW± bosons produced in thepp collisions as shown in

fig. 5.4. Depending on themodel taken into account, the decay of theHNLcan be lepton number conserving

(LNC) or lepton number violating (LNV). If, for example, the HNL is assumed to be a Dirac particle, only

LNC decays are considered. On the other hand, if the HNL is assumed to be aMajorana particle, both LNC

and LNV decays can happen at the same rate.

TheW boson decays close to the interaction point to an SMneutrino να and a charged lepton lα. Because

of the production of the lepton lα close to the interaction point, it is called the prompt lepton. TheHNLN is

produced by mixing with the SM neutrino να (indicated by the crosses× in fig. 5.4) and travels macroscopic

distances through the inner tracker due to its long lifetime until it decays leptonically (via the mixing with

νβ) into two opposite-charged leptons l±β , l
∓
γ and a neutrino νγ . The production of the two leptons l±β , l

∓
γ

away from the interaction point leads to a significant displacement compared to the prompt lepton. They are

therefore called displaced leptons.

The neutrino νγ from the HNL decay can’t be detected, but the two displaced leptons can be recon-

structed. The fact that the two displaced leptons emerge from the same point in space makes it possible to

reconstruct a displaced vertex, which is significantly dislocated with respect to the beamline. The signature

of the analysis can, therefore, be reduced to events featuring a prompt lepton and a displaced vertex with

opposite-sign leptons as summarised in fig. 5.5.

The signal leptons can have any flavour. However, the sensitivity of the analysis to tau leptons is very low

due to their challenging reconstruction, so we focus on electrons andmuons for this work. Tau leptons have a

short proper decay length of 87 µm [183] and typically decay before reaching the innermost pixel layer of the

ATLAS detector if they are produced at the primary vertex. Tau leptons decay 35% of the time leptonically

(τ → ντνℓℓ with ℓ = e, µ) to a muon or electron and two neutrinos, and 65% of them decay hadroni-

cally (τ → ντ hadrons), involving one (72%) or three charged pions (22%). The hadronic part of the tau

lepton reconstruction is seeded by jets, and the reconstructed pion tracks are matched to the tau lepton can-

didate via multivariate discriminant techniques [184]. Using information from the reconstructed tracks and

calorimeter energy clusters, a recurring neutral network separates the tau lepton candidate from jets initiated

by other quarks or gluons [185]. The reconstruction of prompt tau leptons is very involved andusually starts at

high transverse momentum values compared to the electron or muon reconstruction (pT > 20GeV ) [185,

186]. Another issue is to trigger on tau leptons, as the single tau lepton triggers in ATLAS usually start at

pT ≳ O(100)GeV, we would need to use single electron or muon triggers instead to cover the leptonic tau

lepton decay mode. The tau lepton trigger efficiency using the single electron or muon triggers would then,

by construction, be less than 35% because we miss the hadronic tau lepton decays and because of the single

electron and muon trigger efficiencies. Another crucial step would be transferring the prompt tau lepton

reconstruction scheme to a displaced reconstruction scheme, which has not been followed in this work.
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5 Search for long-lived heavy neutral leptons

Figure 5.5: Schematic illustration of the signature in the ATLAS detector we define as signal.
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Figure 5.6: Feynman diagram for the HNL decay via an off-shell Z∗ boson (neutral current) for the LNC case. Equiv-
alent processes with an initialW− are valid as well.

We define the analysis channel (α − βγ) using the flavours of the prompt (α) and the displaced (β, γ)

leptons. The focus on muons and electrons results in eight possible channel combinations, of which two are

indistinguishable in data:

1. µ− µµ

2. µ − µe and µ − eµ (combined because the order of the displaced leptons cannot be probed in data).

The combination of both channels (µ−µe+ µ− eµ)will be labelled with µ−µe in this work.

3. µ− ee

4. e− ee

5. e− eµ and e− µe (combined). The combination of both channels (e−eµ+ e− µe)will be labelled

with e−eµ in this work.

6. e− µµ

The HNL can also decay via an off-shell Z boson (neutral current) for the channels where both displaced

leptons have the same flavour µ−µµ, e−ee, µ−ee, and e−µµ as shown in fig. 5.6. The combination of

analysis channels depends on the specific HNLmodel and will be discussed in the following section.

5.3 Signal models

Particle physics experiments usually assume a singleHNL that couples to one neutrino flavour only, as shown

in the summary of the exclusion limits in figs. 5.1 and 5.2. But we need at least two HNLs to explain the

observed neutrino mass differences and the baryon asymmetry of the universe (BAU), as discussed in detail

in section 3.2. That raises the question of why all those experiments motivating their searches forHNLs with

neutrinomasses and BAUuse an unphysical single-flavour couplingmodel. Figure 5.7 shows allowed regions
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5 Search for long-lived heavy neutral leptons

Figure 5.7: HNL coupling ratios and allowed regions according to recent neutrino oscillation data [41]. Model bench-
mark points used in this work are marked by red crosses. The explicit coupling ratios of those benchmark
points are summarised in table 5.1. Here: U2 := |U |2 andU2

α := |Uα|2 as defined in eq. (5.3). Image taken
from ref. [40].

according to neutrino data [41] for the normal and inverted neutrino mass hierarchies in the HNL coupling

ratio space. Red crosses mark the HNL coupling ratios used in this work. The electron-only mixing case is

analogue to fig. 5.1 and refers to the case where the HNL production and decay happens only via electron

neutrinos. Similarly, the muon-only mixing allows only coupling to muon neutrinos as in fig. 5.2. We use

those two single flavour coupling models that assume only one HNL in the analysis to make it comparable

to the exclusion limits set by previous experiments. We call those models 1SFHmodels, for one single flavour

HNL.

Figure 5.7 shows clearly that the 1SFHmodels (muon-only and electron-only benchmark points) disagree

with the allowed regions indicated as filled areas according to recent neutrino oscillation data [41]. To tackle

this problem, we include the so-called Quasi-Dirac HNLmodel [40] in our set of tested models, as discussed

in section 3.2.3. The Quasi-Dirac HNL model considers two HNLs that are highly degenerate in mass and

allows for couplings to more than one neutrino flavour. This way, we can probe the normal hierarchy (NH)

and inverted hierarchy (IH) benchmark points shown in fig. 5.7 and summarised in table 5.1. Depending on

the benchmark point we probe, we call the model 2QDH(IH) or 2QDH(NH).

Figure 5.8 depicts howwe combine the different analysis channels to probe the eight models considered in

this work.

1. 1SFH(µ) in Dirac limit (LNC only)

analysis channels: (µ−µµ+ µ−µe+ µ−ee)
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5.3 Signal models

Figure 5.8: Schematic illustration of the possible channel combinations for the eight models considered in this work.
The left part shows the channel combinations for the single flavourmixing scenarios assumingonly oneHNL
and the right part shows the combination used for theQuasi-Dirac pair ofHNLs introduced in section 3.2.3.
All models are evaluated in the Dirac-limit (LNC only) and the Majorana-limit (50% LNC + 50% LNV).

2. 1SFH(µ) in Majorana limit (0.5 LNC + 0.5 LNV)

analysis channels: (µ−µµ+ µ−µe+ µ−ee)

3. 1SFH(e) in Dirac limit (LNC only)

analysis channels: (e−ee+ e−eµ+ e−µµ)

4. 1SFH(e) in Majorana limit (0.5 LNC + 0.5 LNV)

analysis channels: (e−ee+ e−eµ+ e−µµ)

5. 2QDH(NH) in Dirac limit (LNC only)

analysis channels: (µ−µµ+ µ−µe+ µ−ee+ e−ee+ e−eµ+ e−µµ)

6. 2QDH(NH) in Majorana limit (0.5 LNC + 0.5 LNV)

analysis channels: (µ−µµ+ µ−µe+ µ−ee+ e−ee+ e−eµ+ e−µµ)

7. 2QDH(IH) in Dirac limit (LNC only)

analysis channels: (µ−µµ+ µ−µe+ µ−ee+ e−ee+ e−eµ+ e−µµ)

8. 2QDH(IH) in Majorana limit (0.5 LNC + 0.5 LNV)

analysis channels: (µ−µµ+ µ−µe+ µ−ee+ e−ee+ e−eµ+ e−µµ)

Models 5-8 agree with the observed neutrino oscillation data, while models 1-4 are included for historical

reasons and comparability to other experiments. The only detail missing in this parameterisation is the dark
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5 Search for long-lived heavy neutral leptons

matter candidate. For this, we would need to add a third very light HNL to our model in themN ∼ keV

range [7]. We don’t do this here because we are not sensitive to low HNL masses mN < O(2) GeV. In

addition, the coupling of the dark matter candidate HNL is very small, as discussed in section 3.2.

To calculate the cross-section for the considered signature (see fig. 5.4), we start from the single flavour

Majorana HNL and scale to the other models. The ratio for a particular HNL coupling |Uα|2 to the SM

neutrinos with respect to the total coupling |Utot|2 is defined as:

xα = |Uα|2/|Utot|2. (5.2)

With twoHNLs I = 1, 2 in the model, the coupling to a particular flavour |Uα|2 follows from the sum over

all HNL couplings, while the total coupling is defined as the sum over all HNLs I and flavoursα [40] (already

defined in section 3.2.3 but listed here again for convenience):

|Uα|2 =
∑
I

|UαI |2 and |Utot|2 =
∑
α,I

|UαI |2. (5.3)

The branching ratio for theHNL production from aW bosonW → lαN can be deduced from the branch-

ing ratio forW → lαν [187]:

BR(W → lαN ) = BR(W → lαν) · |Uα|2
(
1− m2

N
m2

W

)2(
1 +

m2
N

2m2
W

)
(5.4)

Starting with theW production cross-section σ(pp → W ) and using equations 5.4 and 5.2, we can get the

cross-section for producing a single flavour Majorana HNL σMN with:

σMN = σ(pp→W ) ·BR(W → lαN ) ·BR(N → lβlγν)

= σ(pp→W ) ·BR(W → lαν) · xα · |Utot|2 ·
(
1− m2

N
m2

W

)2(
1 +

m2
N

2m2
W

)
·BR(N → lβlγν).

(5.5)

|Utot|2 andBR(N → lβlγν) are computed according to ref. [188]with the help of our short-time associates

Oleg Ruchayskiy and Jean-Loup Tastet. Figure 5.9 shows the HNL coupling as a function of HNL mass as

an example for the 1SFH(e) model. TheHNL decay branching ratioBR(N → lβlγν) includes all neutrino

flavours and is shown in fig. 5.9 for all models and decay channels. The value for theW production cross-

section times BR σ(pp → W ) · BR(W → lαν) = (20.6 ± 0.6) nb is measured by ATLAS in ref. [189].

Table 5.1 lists the coupling strength ratios xα for the different benchmark models. Those values are inserted

in eq. (5.5) to take the coupling fraction in the HNL production vertex into account.

Once we want to make the transition from the single Majorana HNL cross-section to the 2QDHmodel,

or once we want to combine the LNC and LNV signatures, we need to apply additional factors to the cross-

section in eq. (5.5) [40]. Those factors are summarised in table 5.2. The cross-section is then computed for

70



5.4 Samples

each analysis channel separately, taking theparticularmodel into account. Thebenchmarkpoints presented in

fig. 5.7 and summarised in table 5.2 were agreed upon during the 2020 Feebly Interacting Particle Workshop

held at CERN [190].

Table 5.1: Coupling ratios xα for the different benchmarks as shown in fig. 5.7.

benchmark point xe = |Ue|2/|Utot|2 xµ = |Uµ|2/|Utot|2 xτ = |Uτ |2/|Utot|2

1SFH(µ) 0 1 0
1SFH(e) 1 0 0

2QDH(IH) 1/3 1/3 1/3
2QDH(NH) 0.06 0.48 0.46

Table 5.2: Prefactors that need to be added to the final cross-section according to [40].

-1SFH- -2QDH-

Majorana Dirac Majorana Dirac

LNC σMN 2σMN 2σMN 4σMN

LNV σMN 0 2σMN 0

Total 2σMN 2σMN 4σMN 4σMN

5.4 Samples

5.4.1 Signal samples

The underlying principles of Monte Carlo (MC) simulations have been outlined in section 4.5. Here, we

will summarise the used event generators and their parameterisation. The signal samples used in this work

are generated using the Pythia 8.212 event generator [144] with the A14 tune [191] and theNNPDF2.3lo

PDF set [192]. The NNPDF2.3lo PDF set is based on a global dataset that includes LHC data, with the

corresponding A14 tune delivering the parameters for parton showering and multi-parton interactions.

Simulated minimum bias events are used to model pileup effects of multiple pp interactions per bunch

crossing. Those events are simulated using Pythia 8.212 in the A3 tune [193] and theNNPDF2.3lo PDF

set.

Particles are propagated through the ATLAS detector using the Geant4 simulation [145]. The detector

response itself is simulated using the ATLAS fast (Atlfast-II) simulation [146]. AllMC simulations are hosted

in the ATLAS simulation infrastructure [143].

Pythia 8.212 does not consider spin correlations because the HNL production and decay are treated sep-

arately. We use events created withMadGraph5_aMC@NLO 2.9.3 [194] in theHeavyNmodel [195, 196]

to reweight the signal samples [197]. The reweighting procedure is validated by comparing pT distributions
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5 Search for long-lived heavy neutral leptons

(a) (xe = 1, xµ = 0, xτ = 0)

(b) (xe = 1, xµ = 0, xτ = 0) (c) (xe = 0, xµ = 1, xτ = 0)

(d) (xe = 1/3, xµ = 1/3, xτ = 1/3) (e) (xe = 0.06, xµ = 0.48, xτ = 0.46)

Figure 5.9: a) HNL coupling constant as a function of HNL mass for three different mean decay lengths and the
1SFH(e) model. b-e) Branching ratios (BR) for the four models in theMajorana-limit as a function ofHNL
mass for all considered HNL decay channels. The neutrinos in the branching ratios include all neutrino
flavours [188]. The BR forN → µeν (N → eµν) is zero for the 1SFH(e) (1SFH(µ)) model because only
the charged current contributes (fig. 5.4). The single flavour-only coupling imposes the prompt and the first
displaced lepton to have the same flavour (α = β). The BR for N → µµν (N → eeν) is non-zero for
the 1SFH(e) (1SFH(µ)) model because of the small contribution from the neutral current decay (fig. 5.6).
The BR differences between same-flavour and different-flavour leptons in the HNL decay stem from inter-
ferences between charged and neutral current contributions. All BRs take the relative coupling strengths xα
for the HNL decay into account, which explains the lower BRs for the 2QDHmodels.
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from thePythia 8.212 sampleswith the samples generatedbyMadGraph5_aMC@NLO 2.9.3. Thedetails

about this reweighting procedure are described in section 5.4.5.

To probe theHNLcoupling |U |2 versusHNLmassmN space, we generate signal samples for severalHNL

masses mN and proper decay lengths cτN (cτN ∝ 1/|U |2, see eq. (5.1)). We probe in total ten different

mass pointsmN = [3, 4, 4.5, 5, 7.5, 10, 12.5, 15, 17.5, 20] GeV and three different proper decay lengths

cτN = [1, 10, 100] mm, which means 30 samples per channel and 180 samples in total for all six analysis

channels.

The sample production is divided into three MC simulation campaigns, mc16a, mc16d, and mc16e, which

correspond to the years 2015-2016, 2017, and 2018 of pp collision data-taking. For the three campaigns, we

generated a total of 50k events. Therefore, the total number of generated signal events is 9 Million.

5.4.2 Data samples

This search considers the full LHCRun2 pp collision data recorded with the ATLAS detector in 2015-2018.

The data from this period corresponds to an integrated luminosity of L = 139 fb−1 at a centre of mass

energy of
√
s = 13 TeV. A standard ATLAS event cleaning procedure is applied, which means events have

to:

• Pass theGoodRunLists (GRLs) requirement. TheGRLs list runnumbers that are considered suitable

for physics analyses.

• Contain at least one reconstructed primary vertex (PV) with at least two-tracks with a transverse mo-

mentum of at least pT > 200MeV each.

• If more than one PV is reconstructed, the one with the highest
∑
p2T is used, where the sum is over the

tracks forming the PV.

• Pass an event cleaning that checks for errors during data taking in the detector subsystems.

Before using the dataset, it has to undergo a filtering procedure to reduce the computational effort for

large-radius tracking and secondary vertexing. The so-calledDRAW filter, as described in section 5.6.2, leaves

around 10% of the data for the dedicated long-lived particle reconstruction chain.

5.4.3 What about displaced taus?

Technically, the HNL could also decay into tau leptons for the 2QDH models, as the coupling fraction to

the tau lepton sector is nonzero (see table 5.1). To test the sensitivity of the analysis for the reconstruction

of displaced tau leptons, we simulate signal samples with mN = 10 GeV in the proper decay lengths of

cτN = 1, 10, 100mm for the channels µ− ττ and e− ττ . Since the tau leptons can decay leptonically into

an electron or muon and two neutrinos via aW boson, we can test our sensitivity for displaced taus by using
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(d)W boson ϕ

Figure 5.10: Truth W boson kinematics for a µ−µµ signal sample are shown with mN = 10 GeV and a lifetime
cτN = 10mm. Figures are taken from our internal note ref. [16].

the selections designed for the standard analysis channels (µ−µµ, µ−µe, µ−ee, e−ee, e−eµ, and e−µµ)
(see section 5.6.3, table 5.4). For all six channels, less than one signal event was observed for the tau test MC

samples. Therefore, we conclude that the analysis is not sensitive to displaced tau leptons and set the signal

acceptance to zero for the 2QDHmodels.

5.4.4 Signal kinematics

The kinematic distributions at the ’truth’ (generator) level help us to design the signal region selections. Truth

level here means that we can look at the distributions directly after the event generation, parton shower, and

hadronisation steps before the detector response simulation. This helps us to understand the input signal as

generated by the event generator without reconstruction effects.

All relevant kinematic distributions on the truth level for the promptW boson that decays intoN + lα

are shown in fig. 5.10. ThemW , pT , η, and ϕ distributions are independent of the HNL mass and lifetime

parameterisation.
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(a) Prompt lepton
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(b) Leading displaced lepton
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(c) Sub-leading displaced lepton

Figure 5.11: Thedistributions of the true transversemomentum (pT ) for the three charged leptons involved in theHeavy
Neutral Lepton (HNL) decay. The displaced leptons, both leading and sub-leading, are ordered by their pT .
All pT distributions show three HNL mass pointsmN = 5, 7.5, 10 GeV with a lifetime cτN = 10mm
for the µ−µµ channel. Figures are taken from our internal note ref. [16].

75



5 Search for long-lived heavy neutral leptons

0 2 4 6 8 10
Truth DV Mass [GeV]

4−10

3−10

2−10

1−10
F

ra
ct

io
n 

of
 E

ve
nt

s 
/ 0

.2
 G

eV
 = 5 GeVHNLm

 = 7.5 GeVHNLm

 = 10 GeVHNLm

ATLAS              Internal
 = 13 TeVs

 = 10 mmτ, cµµµLNC, 

(a)DVmass (mDV)

0 20 40 60 80 100 120 140 160 180 200
) [GeV]

lll
Truth visble mass (m

3−10

2−10

1−10

1

F
ra

ct
io

n 
of

 V
er

tic
es

 / 
4 

G
eV

 = 5 GeVHNLm

 = 7.5 GeVHNLm

 = 10 GeVHNLm

ATLAS              Internal
 = 13 TeVs

 = 10 mmτ, cµµµLNC, 

(b) Tri-lepton mass (mℓℓℓ)

Figure 5.12: Truth DVmass and tri-leptonmass (mℓℓℓ) distributions for µ−µµ signals shown for the three mass points
mN = 5, 7.5, 10GeV with a lifetime cτN = 10mm. Figures are taken from our internal note ref. [16].
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Figure 5.13: Truth distribution for the radius of the displaced vertex, Lxy =
√
x2 + y2 = rDV, for a 10 GeV µ−µµ

signal with cτN = 1, 10, 100mm. The dashed red lines indicate material layers in the pixel detector and
the first layer of the SCT detector. Figure taken from our internal note ref. [16].

Figure 5.11 shows the trueprompt lepton lα transversemomentumpT aswell as the leading and sub-leading

pT distributions from the displaced leptons lβ and lγ . It’s interesting to note that those distributions do not

strongly depend on the generated HNL massmN . Looking at the lepton pT distributions, we can also get

a good idea about the amount of signal events we lose by the trigger thresholds. A reconstructed muon, for

example, needs at least pT > 26GeV to pass the single muon trigger (see section 5.6.2). In addition, some of

the displaced leptons can fire the single muon trigger.

The invariant mass of the displaced vertex mDV and the invariant mass mℓℓℓ of all three reconstructed

leptons lα, lβ , lγ are shown in fig. 5.12. The displaced vertex mass is always smaller than the generated HNL

massmN because of themissing neutrino. Therefore, the displaced vertexmass distribution depends onmN .

The visible three-lepton mass distribution is independent of the HNL mass and always smaller than theW

boson mass. Since all signal samples are populated in a dedicatedmℓℓℓ mass window, a window selection is

well-motivated to reduce possible backgrounds.
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Figure 5.13 shows the distribution of the displaced vertex radius rDV (orLxy), which is defined as the trans-

verse distance between the displaced vertex and beam pipe in the xy-plane, for an HNLmass of 10 GeV and

three different proper decay lengths. The displaced vertex radius is a two-dimensional projection of the three-

dimensional decay position. The distribution of the proper lifetimes t of the generatedHNLs is exponential,

with the HNL lifetime τN as its mean value. The distance between production and decay vertex in the lab-

oratory frame Lxyz depends on the boost of the HNL Lxyz = γβct, with the ratio of the energy of the

HNL to the HNL mass γ = EN /mN and β = v/c. Samples with a mean decay length of cτN = 10mm

and cτN = 100 mm populate the region between 0 < rDV < 300 mm with displaced vertices, but the

rDV-region is too small to surround most decay vertices with a mean decay length of cτN = 100mm.

Themost interesting truth-level distributions are those of theHNL itself. Figure 5.14 shows the calculated

HNLmassmHNL, pT , η, and ϕ distributions of the HNL for three different generated HNLmassesmN =

5, 7.5, 10GeV with a proper decay length of cτN = 10mm. While the pT , η, and ϕ distributions are more

or less independent of the generated HNL massmN , the calculated HNL massmHNL peaks nicely at the

generated values. The calculated (or later ’reconstructed’)HNLmassmHNL is used as themaindiscriminating

variable in this analysis and is determined from theW mass spectrumand the visible decay products lα, lβ , and

lγ onlywithout thenecessity touse theneutrino informationνγ . This is possible byutilising four-momentum

(pµ) conservation of the HNL production pµW = pµα + pµN and the HNL decay pµN = pµβ + pµγ + pµν .

By rotating the coordinate system such that the new z-axis points towards the neutrino flight direction, it

is possible to obtain a quadratic equation with two solutions for the reconstructed HNL massmHNL that

depend on theW boson mass and the energies and momenta of the visible decay products lα, lβ , and lγ . We

found that only one of the two solutions formHNL led to realistic values close to the simulated massmN .

Instead of using themeasuredW boson polemass as a fixed value in themHNL calculation, we use themedian

W mass from its relativistic Breit-Wigner distribution that is kinematically consistentwith the charged-lepton

decay products to reduce the cases where we can’t find a real solution for the quadratic equation ofmHNL.

This way, we can calculate the reconstructed HNL massmHNL in fig. 5.14 without any information on the

neutrino νγ . Further details on the HNLmass calculation are given in section A.2.

5.4.5 Additional weights on signal samples

After all signal MC samples have been produced with Pythia 8.212, we realised that the spin correlations

between the prompt lepton lα and the first displaced lepton lβ that couples directly to theHNL are not taken

into account. The reason for this is thatPythia 8.212 treats theHNLproduction andHNLdecay separately

in the matrix element calculation |MPythia|2 = |Mproduction|2 × |Mdecay|2. The Pythia 8.212 event

generator had already been used in the previous search for displaced HNLs [159]. Therefore, we decided to

use the signal samples again for this search.
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Figure 5.14: Truth HNL kinematics for µ−µµ signals are shown for the three mass pointsmN = 5, 7.5, 10GeVwith
a lifetime cτN = 10mm. Figures are taken from our internal note ref. [16].
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Figure 5.15: Calculated event weights forwCC+NC (eq. (5.6), µ−µµ channel) andwCC (eq. (5.7), µ−µe channel) for
both lepton number conserving (LNC) and lepton number violating (LNV) decays. Shown are theweights
for a (mN = 10GeV, cτN = 10mm) sample in the 1SFH(µ) model (xe = 0, xµ = 1, xτ = 0). Figure
taken from our internal note ref. [16].
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HNLs are produced with a favoured helicity state correlated with the prompt lepton due to the chiral

nature of the weak interaction. The spin is then conserved during propagation since the HNL is a feebly

interacting and electrically neutral particle. Therefore, the spin states of lα and lβ are correlated.

Because it would have been computationally very expensive to regenerate all signal MC samples using

an event generator that calculates a combined matrix element |Mproduction+decay|2 (such as Mad-

Graph5_aMC@NLO 2.9.3), we use a truth reweighting procedure to compensate the kinematic differences

that arise from spin correlations. Six different matrix elements are computed with the help of our short-time

associates Oleg Ruchayskiy and Jean-Loup Tastet depending on the charged current (CC, via off-shellW

as in fig. 5.4) and neutral current (NC, via off-shell Z as in fig. 5.6) contributions and whether we treat

lepton number conserving (LNC) or lepton number violating (LNV) decays: |MCCNC|2 (charged current
+ neutral current, LNC or LNV), |MNC|2 (neutral current, LNC or LNV), |MCC|2 (charged current,

LNC or LNV).

For the analysis channels where we have NC and CC contributions (µ−µµ, e−ee, µ−ee, e−µµ), the
weights are calculated depending on the relative coupling strength xα in the specific model:

wCC+NC =
xα|MCCNC|2 + (1− xα)|MNC|2

|MPythia|2
(5.6)

For the remaining two analysis channels with mixed displaced lepton flavours (µ−µe, e−eµ), only CC con-

tribute, and the weights are calculated using only the CCmatrix element:

wCC =
|MCC|2

|MPythia|2
(5.7)

Figure 5.15 shows the calculated weights for a (mN = 10 GeV, cτN = 10 mm) sample for one channel

where both displaced leptons have the same flavour (µ−µµ) and another channel with mixed displaced lep-

ton flavours (µ−µe). The difference in weights between wCC and wCC+NC is expected because of the dif-

ferences in contributing diagrams. Finally, we validate the applied truth reweighting scheme using Mad-

Graph5_aMC@NLO 2.9.3 in theHeavyN model [195, 196] that takes the spin correlations into account

during the event generation by comparing the pT distributions of the involved leptons. The validations

show agreement between the reference pT distributions created with MadGraph5_aMC@NLO and the

reweighted Pythia pT distributions. An example for the pT distributions that are used for validation is

shown in fig. 5.16 for the lepton number conserving decays of the µ−µµ analysis channel. Similar valida-

tion distributions for the µ−µe analysis channel and lepton number violating decays that include only the

charged current weights are listed in figs. A.1 to A.3. Further details about the described truth reweighting

procedure are given in ref. [17]
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Figure 5.16: Truth reweighting validation pT distributions for the four leptons (lα, lβ , lγ , νγ) between Mad-
Graph5_aMC@NLO and Pythia for a µ−µµ (mN = 10 GeV, cτN = 10mm) sample. The applied
weights arewCC+NC in the 1SFH(µ) model (xe = 0, xµ = 1, xτ = 0) for the lepton number conserving
decays (LNC).Validation distributions for theµ−µe channel and lepton number violating decays are listed
in figs. A.1 to A.3. Figures are taken from our internal note ref. [16].
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5.5 Analysis framework

Figure 5.17: Schematic illustration of the analysis framework and reconstruction chain. The light pink boxes show the
standard reconstruction optimised for prompt objects, resulting in theAOD (analysis object data) format.
TheDRAW filters are applied to the prompt objects, generating theDRAW_RPVLL format with about
10% of the data. The green boxes show the dedicated long-lived particle workflow featuring large-radius
tracking and secondary vertexing algorithms. Further skimming and custom lepton-only vertexing are ap-
plied in another derivation step called EXOT29. The calculation of analysis-specific variables and most of
the event selection is made at the n-tuple/micro-n-tuple steps. The final step marks the statistical analysis
where the exclusion limits are set.

5.5 Analysis framework

Figure 5.17 shows the analysis framework schematically. The dedicated long-lived particle analysis stream is

highlighted in green. Large-radius tracking and secondary vertexing algorithms are very expensive in terms of

CPU, which makes it necessary to filter the data events before running those algorithms. About 10% of the

data events are passed along to the RPVLL stream. A second derivation, called EXOT29, is used to run the

customised lepton-only secondary vertexing.

As it can be seen from fig. 5.17, the filters that select HNL-like events are applied to objects from the stan-

dard (prompt) reconstruction. By construction, this is a more complex task for signatures with tracks that

stem from largely displaced vertices. The so-calledDRAW filters are a trade-off between maximising the sig-

nal selection efficiency and keeping the data rate manageable, mainly because not only the displaced HNL

analysis-specific filters are included in the RPVLL data stream. The detailed filter criteria will be listed later

in section 5.6.2.

MC simulation and data start at the DRAW_RPVLL data format, which undergoes the dedicated dis-

placed reconstruction steps of large-radius tracking and secondary vertex finding (introduced in sections 4.4.1

and 4.4.2).
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Figure 5.18: Impact parameter |d0| distributions of the displaced vertex tracks for two signalMC samples (µ−µµ chan-
nel, cτN = 1mm and cτN = 10mm) on truth (MC event generator) level. The standard VSI_Leptons
selection of |d0| ≥ 2mm is indicated by the horizontal dashed lines. Figure taken from our internal note
ref. [16].

The standard secondary vertex finding algorithm has not been optimised for the leptonic displaced HNL

signature. We, therefore, introduce a customised configuration of the secondary vertexing algorithm that is

tailored to the needs of this work. Details are later given in this section (section 5.5.1).

Once the custom secondary vertexing has been run, we can pass on the so-calledDAOD_EXOT29 files to

our analysis framework that calibrates the physics objects, calculates all required event weights and scale fac-

tors, and performs the event selection. At each step of the framework, different files are created. The so-called

Ntuples still contain a list of events with a multidimensional container structure. In contrast, theMicro Ntu-

ples are already reduced to a one-dimensional list of selected displaced vertices. ThoseMicro Ntuples are then

passed to the statistical analysis framework, where the exclusion limits are calculated. The technical details

about the statistical analysis framework, which is the main part of this work, are summarised in section A.6.

5.5.1 Custom secondary vertex reconstruction

The standard configuration of the vertexing algorithm (VertexSecondaryInclusive, or VSI) in ATLAS long-

lived particle searches is introduced in section 4.4.2. By default, we get two vertexing configurations for free

in theDAOD_RPVLL stream, a configuration that uses all tracks in the vertex seeding step, called VSI, and

a configuration that uses only lepton tracks in the vertex seeding, called VSI_Leptons. Both configurations

are not optimised for the low track-multiplicity displaced leptonicHNL signature. Studies done for the LHC

Run3 large-radius tracking algorithm to reduce fake vertices gave us some clues on where to start in the opti-

misation. One main point is to apply additional requirements on the input track collection used by the VSI

algorithm in the vertex seeding step to reduce the computational effort on fake vertices.
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5.5 Analysis framework

Figure 5.19: This figure shows the total displaced vertex reconstruction efficiency as a function of displaced vertex radius
for three channels µ−µµ, µ−µe, e−ee. Image taken from our PRL publication ref. [10].

We found that imposing the following selections on the input track collection reduces the same-sign back-

ground2 by 20%:

• The total number of silicon hits should be≥ 8, where silicon hits are the sum of pixel and SCT hits.

• |z0| ≤ 500mm

• The quality of the displaced vertex fit should meet the following requirement: χ2
vtx/dof ≤ 9.

• The total number of SCT hits should be≥ 7.

• The total number of SCT holes should be≤ 1.

• An additional geometrical selection to reduce fake large-radius tracks: ∆Θ ≤ 1 or |z0| < 200 mm.

Here,∆Θ = Θ−Θ′ is the angular difference between the primaryΘ and secondaryΘ′ particle’s flight

directions, assuming the track is produced in a secondary decay. Further details about this selection are

given in ref. [18].

Furthermore, the standard VSI_Leptons configuration requires the impact parameter |d0| to be larger

than 2 mm. Looking at the truth track |d0| of a cτN = 1mm and a cτN = 10mm,mN = 10GeV, µ−µµ
signal sample, we see that 80% (20%) of the tracks of the 1 mm (10 mm) sample are within |d0| ≤ 2 mm.

Figure 5.18 shows the distributions of the impact parameter |d0| on truth-level for the two signalMC samples.

Now, reducing the |d0| selection to zero would improve the signal selection efficiency but also increase the

number of background vertices. The optimum appeared to be in the middle, and for the custom vertexing

algorithm, we require at least one of the displaced vertex leptons to have |d0| > 1mm.
2The same-sign background is a data-driven background estimate that uses two-track displaced vertices, where both tracks have
the same electric charge, as an estimate for the opposite-sign two-track displaced vertices we expect to see for our signal. The
background estimation techniques will be discussed in detail in section 5.7.
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The last optimisation step considers the track attachment step of the VSI algorithm. Once seed vertices are

formed, tracks that emerge close to the seed vertex can be attached to form a multi-track vertex. The track

attachment step is disabled in the standard VSI_Leptons configuration. But without the track attachment

step, we lose important information about tracks that possibly stem from actual physics events close to the

reconstructed vertices. Enabling the track attachment step for our custom vertexing configuration reduced

the same-sign background significantlywhile lowering the signal selection efficiency only slightly. The custom

vertexing configuration is calledVSI_LeptonsMod.

Figure 5.19 shows the total vertex reconstruction efficiency as a function of the displaced vertex radius for

the custom vertexing configuration used in this work. The ability to reconstruct vertices is limited by the size

of the pixel detector, which causes the efficiency to drop towards zero at rDV ∼ 300mm. Similarly, we need

some pixel layers to reconstruct secondary vertices successfully. The more pixel layers we have, the better the

reconstruction, as the rising slope from small to high rDV values in fig. 5.19 indicates. The reconstruction ef-

ficiency starts to increase around rDV ∼ 1mm, because we require the impact parameter of at least one of the

two displaced leptons to be |d0| > 1mm. The efficiency peaks around rDV ∼ 40mm for all three channels

shown here (µ−µµ, µ−µe, e−ee channels). Muons have a higher reconstruction efficiency than electrons,

which is also reflected in the higher vertex reconstruction efficiency for the µ−µµ and µ−µe channels than
for the e−ee channel.

5.6 Event selection

This section summarises the event selection for the different analysis regions utilised in this work. While the

signal region (SR) is the most important one to test our signal hypothesis, we use a validation region (VR)

to study data-driven background estimation methods and secondary vertexing techniques. Additionally, we

define a control region (CR) close to the signal region to constrain the data-driven background estimate.

We start by discussing the physics objects that form the signatures we analyse in this work (section 5.6.1).

After describing the pre-selection (section 5.6.2), we continue with the signal region selection (section 5.6.3),

followed by the signal region selection efficiencies and cutflows (section 5.6.4), and conclude with the specific

selection criteria for the control and validation regions (section 5.6.5).

5.6.1 Object definition

Our analysis includes various physics objects, whose reconstruction is explained in section 4.3: displaced ver-

tices, prompt and displaced muons, and prompt and displaced electrons. Below are their definitions specific

to our analysis.
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Displaced vertex

We use a custom algorithm to reconstruct the displaced lepton-only vertices used in this analysis. Only dis-

placed vertices with exactly two-tracks matched to displaced leptons are selected.

Prompt muon

We start the selection of the prompt muon with the highest pT muon. The matched track of the prompt

muon needs to emerge close to the main interaction point, which is why we require |d0| < 3 mm and

|z0 sinΘ| < 0.5mm. The muon needs to fulfil the combined muon requirements (defined in section 4.3.3)

and satisfy theMedium working point (WP) with pT > 3GeV. The muon track is required not to overlap

with any displaced vertex tracks. The event is rejected if the muon candidate overlaps with a prompt electron

(∆R =
√
∆η2 +∆ϕ2 < 0.05). The DRAW filter requires track-based isolation pT cone30/pT < 0.05,

where pT is the track transverse momentum. The variable pT cone30 is a measure for track isolation and is

formed by summing up the transverse momenta of all tracks within a cone of a given size∆R = 0.3 around

the track.

Displaced muon

We consider amuon displaced if a displaced vertex track ismatched to amuon that fulfils the combinedmuon

requirements and that passes theMediumWPwith pT > 3 GeV. If the displaced muon track overlaps with

an electron candidate and fulfils at least the Loose WP, then the track is defined as a muon. The DRAW

filter requires track-based isolation pT cone30/pT < 1.0.

Prompt electron

As in the muon case, we start the prompt electron candidate selection with the highest pT electron that

emerges close to the main interaction point (|d0| < 3 mm, |z0 sinΘ| < 0.5 mm). The prompt electron

candidate needs to have no overlap with any DV tracks and fulfil the LHMediumWPwith pT > 4.5GeV.

The event is rejected if the candidate overlaps with a promptmuon (∆R < 0.05). TheDRAW filter requires

track-based isolation pT cone30/pT < 0.05.

Displaced electron

Displaced electron candidates are selected from electrons that are matched to DV tracks. The displaced elec-

tron candidatesmust pass theLHVeryVeryLooseWPwith pT > 4.5GeV.The required scale factors used

to calibrate the LHVeryVeryLooseWP are not provided by the combined performance groups in ATLAS

because this is a custom working point. Therefore, scale factors corresponding to the loosest electron WP

are applied (LooseANDBLayerwith gradient isolation defined in ref. [125]). If the displaced electron track
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(b)∆pT /p
track-only
T < 0.5

Figure 5.20: This figure shows two-dimensional histograms of the calibrated displaced electron transverse momentum
pcalibrated-electronT as a function of the transverse momentum of the corresponding track ptrack-onlyT . The pT
distributions show data events without a prompt lepton that contain a displaced electron and a displaced
muon with an opposite electric charge that form a two-track displaced vertex (we call this region inverted
prompt lepton validation region (VR). The detailed definition follows in section 5.6.5). (a) shows a mis-
match between the track and the calibrated electron transverse momentum, which is resolved in (b) by im-
posing an additional selection of∆pT /p

track-only
T < 0.5. Figures are taken from our internal note ref. [16].

overlaps with amuon candidate and fulfils at least the LHLooseWP, then the track is defined as an electron.

TheDRAW filter requires track-based isolation pT cone30/pT < 1.0.

We observe discrepancies, shown in fig. 5.20 (a), if we compare the ptrack-onlyT distributions from inner

detector tracks matched to electrons with the calibrated electron pcalibrated-electronT distributions, which con-

tain the track and the calorimeter information. The track-only variables lead to slightly different results

than the calibrated electron-track variables, for example, when calculating the displaced vertex mass. An

additional loose selection is imposed on the displaced electrons because of this: ∆pT /p
track-only
T < 0.5,

∆pT = p
track-only
T − pcalibrated-electronT . Figure 5.20 (b) shows the track only and the calibrated electron trans-

verse momentum distributions with the∆pT /p
track-only
T selection applied.

5.6.2 Preselection

Trigger

The ATLAS trigger and data acquisition system requires dedicated triggers to select events that contain in-

teresting signatures for physics analyses, as discussed in section 4.2.4. We use single lepton triggers to trigger

on the prompt lepton from the W boson decay. Those single lepton triggers are either single electron or

single muon triggers, which have a threshold in pT of about 26GeV for the LHCRun2 (2015-2018). Impor-

tant to note here is that also displaced leptons can fire the trigger if their transverse momentum reaches the

thresholds of the single lepton triggers. The trigger efficiency is 30 − 40% and is independent of the HNL
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mass and lifetime since the prompt lepton pT spectra depend only slightly on theHNL parameterisation (see

section 5.4.4). The single lepton trigger chains we use are named:

• Muons:

– HLT_mu20_iloose_L1MU15 for the years 2015-2016

– HLT_mu26_ivarmedium for the years 2015-2018

• Electrons:

– HLT_e24_lhmedium_L1EM20VH for the years 2015-2016

– HLT_e26_lhtight_nod0_ivarloose for the years 2015-2018

DRAW filter

The Run2 data must be filtered to reduce the computational load for large-radius tracking and secondary

vertexing as described in section 5.5. A combination of four filters formed from the standard physics objects

was chosen for this analysis. Those four filters require different combinations of prompt-like and displaced-

likemuons and electrons 3. Table 5.3 summarises the fourDRAW filters applied to data to filter forHNL-like

signatures. If one or more of the four requirements are met, the event passes theDRAWHNL filter.

Table 5.3: Listing of theDRAWHNLfilter criteria that are appliedbefore large-radius tracking and secondary vertexing.
The event passes if oneof the four criteria ismet. All criteria are therefore applied to standard ’prompt’ objects,
hence the differentiation of prompt/displaced-like to prompt/displaced objects defined in section 5.6.1. The
modified table is taken from our internal note ref. [16].

Prompt-like muon Prompt-like electron Prompt-like electron Prompt-like muon
displaced-like muon displaced-like muon displaced-like electron displaced-like electron

filter filter filter filter
HLT trigger Single muon Single electron Single muon

triggers triggers triggers
Prompt-like pT > 28GeV

lepton |η| < 2.5
Muon type Combined - Combined
ElectronWP - LH Loose -
Isolation ptcone30/pT < 0.05

Displaced-like pT > 5GeV
lepton |η| < 2.5

Muon type Combined, standalone, segment-tagged -
ElectronWP - None
Isolation ptcone30/pT < 1.0

d0 > 0.1mm for “good” combined muon > 1mm
“good”: MS-IDmatching χ2/dof < 5

Filter emulator

Several analyses make use of the DRAW_RPVLL pipeline, which means that many filters are present in the

RAW→DRAW_RPVLL step. Unfortunately, the information about the filters passed for each event is not
3TheDRAW filter is applied in a stage of data reconstruction where only standard (’prompt’) objects are available. Therefore, the
object definitions of prompt and displaced leptons from section 5.6.1 do not apply here.
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5 Search for long-lived heavy neutral leptons

stored. In addition, no filter is applied for the signal MC samples. Therefore, we need to emulate theDRAW

filter for our signal MC samples such that we don’t overestimate our signal yields and apply the same skim-

ming as for data. The difficulty here is that the DRAW filter is applied at a reconstruction step where only

standard (prompt) objects are available, while the filter emulator has to rely on overwritten objects that in-

clude electrons andmuons from large-radius tracking. The resulting mismatch is about 3% and is considered

a systematic uncertainty (see section 5.9).

Prompt lepton

Events must contain at least one prompt lepton as defined in section 5.6.1.

Displaced vertex

Events must include at least one displaced vertex with exactly two-tracks.

Trigger matching

At least onemuonwithMediumquality or one electronwithLHMediumqualitywith pT > 27GeVneeds

to be matched to one of the single lepton triggers. Matched here means that we ensure this particular lepton

has fired the trigger. This can be either one of the prompt or displaced leptons.

Cosmic muon veto

Cosmic muons can be falsely reconstructed as a two-muon displaced vertex with back-to-back tracks. The

back-to-back signature makes cosmic muons easy to exclude without sacrificing any signal. To archieve this,

we define a separation S =
√

(
∑
η)2 + (π −∆ϕ)2 using the angular track parameters η and ϕ. If both

tracks are back-to-back, then S = 0. Figure 5.21 shows the separation parameter for µ−µµ HNL signal

MC samples with a mean decay length of cτN = 10mm and masses ofmN = 5, 7.5, 10 GeV. We require

S > 0.05 to exclude displaced vertices from cosmic muons without affecting the HNL signal distributions.

5.6.3 Signal region selection

A summary of all selections that define the final signal region (SR) is given in table 5.4. The SR selection is

run for each of the six analysis channels separately. All selection criteria that have not already been described

in the preselection (section 5.6.2) are detailed below.

Fiducial volume

We restrict the displaced vertex radius in a fiducial volume between 4mmand 300mm: 4 < rDV < 300mm.

Starting at 4mm eliminates all promptly decaying SM backgrounds. Displaced vertices can be reconstructed

to the first SCT layer (at rDV = 299 mm). The LRT reconstruction efficiency degrades rapidly beyond
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Figure 5.21: Signal MC distributions for the separation between two displaced muons. Back-to-back tracks (cosmic
muon background) would have a separation value of zero. The expected number of events for each signal
MC sample is shown in the legend. Figures are taken from our internal note ref. [16].

Table 5.4: Description of the selection criteria used in the signal region. The lepton quality selection LHMedium for
prompt electrons is defined in ref. [130] andMedium for muons is defined in ref. [123]. The Displaced
lepton quality requirement for displaced electrons is described in ref. [132]. In the Z mass veto, α and β
refer to flavours of the prompt and one of the pair of displaced leptons, respectively. The modified table and
caption are taken from our PRL publication ref. [10].

Selection Value
Event cleaning Standard ATLAS event cleaning
Trigger Pass at least one single muon or electron trigger
Trigger matched ℓ At least one lepton withMedium (or LHMedium) quality
Primary vertex At least one (standard ATLAS selection)
DRAW filter Pass any HNL filter
Prompt ℓ quality Medium (muons) or LHMedium (electrons)
Prompt ℓ impact parameters |d0| < 3mm and |z0 sin θ| < 0.5mm
Cosmic muon veto

√
(Ση)2 + (π −∆ϕ)2 > 0.05

Displaced lepton-only vertex At least one
Number of tracks in displaced vertex 2
Fiducial volume 4 < rDV < 300mm

|zDV| < 300mm (only for ee displaced vertices)
Displaced vertex charge Opposite-sign (OS) tracks
Prompt + displaced ℓ charge OS leptons (1SFH in Dirac-limit)
Displaced vertex type ee, eµ or µµ vertex
Displaced ℓ quality Medium (muons), LHVeryVeryLoose (electrons)
Material veto Applied for ee displaced vertices only
Heavy-flavour decay veto µµ displaced vertices:mDV > 5.5GeV

ee or eµ displaced vertices:mDV- rDV correlation selection eq. (5.8)
Z mass veto m(ℓ±α ℓ

∓
β ) < 80GeV orm(ℓ±α ℓ

∓
β ) > 100GeV, if α = β

Tri-lepton mass 40GeV< mℓℓℓ < 90GeV
HNLmass mHNL < 20GeV
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5 Search for long-lived heavy neutral leptons

rDV = 300mm because of the requirement to have at least 7 pixel+SCT hits. To maximise the number of

good-quality tracks used in vertexing, we limit the displaced vertex radius to 300mm.

Displaced vertex charge

The two displaced vertex tracks must have opposite electric charges, as shown in figs. 5.4 and 5.6.

Prompt + displaced lepton charge

This selection further reduces the background while keeping the signal selection efficiency constant. For the

Dirac models with single-flavour coupling only (1SFHmodel), the lepton number is always conserved (LNC

only, see fig. 5.4). Therefore, we can require the prompt lepton lα and the displaced lepton lβ from theHNL

decay to have opposite electric charges. The prompt and displaced lepton charge requirement is only applied

to the channels µ−µe and e−eµ because the displaced leptons are experimentally distinguishable.

Displaced vertex type

In the displaced vertex type selection, we classify the displaced vertex in terms of the lepton flavours of the re-

constructed lepton tracks that are matched to the displaced vertex tracks. Depending on the analysis channel,

three displaced vertex types are possible: ee, eµ, and µµ. Together with the flavour selection of the prompt

lepton, the displaced vertex type selection finalises the analysis channel selection.

Displaced lepton quality

The lepton tracks matched to the displaced vertex tracks must fulfil certain quality criteria, as already intro-

duced in section 5.6.1. For displacedmuons, we require theMediumWP. For displaced electrons, we require

the custom LHVeryVeryLooseWP.

Material veto

Hadronic interactions from particles with the detector material and photon conversions γ → e+e− can

create many fake e+e− displaced vertices close to high-density detector material. For this reason, we apply a

three-dimensional material veto map as shown in fig. 5.22 to all ee-type displaced vertices. Displaced vertices

close to highmaterial density detector regions shown in fig. 5.22 are removed from the event. The application

of the map-based veto significantly suppresses displaced vertices from hadronic interactions at the cost of

rejecting approximately 42% of the fiducial volume [198].

Heavy-flavour decay veto

In this analysis, we reduce SM backgrounds as much as possible. This is already done by the lower limit of

the fiducial volume selection on the displaced vertex radius. Still, heavy-flavour backgrounds such as B-meson
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5.6 Event selection

(a) (b)

Figure 5.22: Two-dimensional maps of the observed vertex density in regions vetoed by the material map, projected in
the (a)x−y plane and (b) z−R plane, withR := rDV. The colour scale is in arbitrary units (a.u.). Figures
and caption are taken from ref. [198].

decays can be quite long-lived and require additional requirements on the displaced vertex mass mDV and

radius rDV. Depending on the analysis channel, we apply rather strict requirements (mDV > 5.5GeV forµµ

displaced vertices) or more involved requirements (mDV − rDV correlation selection for eµ and ee displaced

vertices). ThemDV − rDV correlation selection for eµ and ee displaced vertices aims to reduce heavy-flavour

background asmuch as possiblewhile retaining asmany signal events as possible. For the correlation selection,

we require:

small rDV: mDV > 5.5GeV for rDV <
225

7
mm

intermediate rDV: mDV > 7GeV ·
(
1− rDV

150mm

)
large rDV: mDV > 2GeV for rDV >

750

7
mm

(5.8)

Those requirements are motivated by studies conducted in the validation region that will be discussed in

section 5.7.1 and indicated as red lines in fig. 5.29.

Z mass veto

Sometimes, one lepton from a prompt Z → ll decay makes it into a displaced vertex with a third randomly

crossing track. Figure 5.23 shows how this looks like for same-sign displaced vertices in data when we plot the

invariantmass of the prompt and the opposite-sign displaced lepton. We see distinctmass peaks at theZ mass

for the analysis channels where the prompt and one of the displaced leptons have the same flavour. We veto

those events by requiring 80GeV < m(l±α , l
∓
β ) < 100GeV for leptons with the same flavour (α = β). lα

here is the prompt lepton and lβ the displaced lepton as in figs. 5.4 and 5.5.
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(a) µ−µµ channel
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(b) e−eµ channel
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(c) µ−µe channel
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(d) e−ee channel

Figure 5.23: The invariant mass between the prompt lepton and same-flavor lepton with opposite-charge in the dis-
placed vertex for same-sign (SS) displaced vertices in data. Applied are the pre-selection requirements, lep-
ton working points, and the heavy-flavour decay veto. We see a distinct peak in the Z mass region for the
displayed channels. The numbers in the legend show the observed number of events. Figures are taken
from our internal note ref. [16].

92



5.6 Event selection

(a) µ−µµ channel (b) µ−µe channel

Figure 5.24: The event selection efficiency for each mass-lifetime point for two analysis channels. The percentage of
the produced MC simulation events that pass all signal region selections is shown. An entry of 0 indicates
no events were selected [10]. The selection efficiency of the remaining four analysis channels is shown in
fig. A.4. Figures are taken from our PRL publication ref. [10].

Tri-lepton mass

The invariantmassmℓℓℓ of the three reconstructed leptons lα, lβ , lγ is always smaller than theW massbecause

the neutrino escapes undetected. Most of the signal is between 40 GeV and 90 GeV, as the truth tri-lepton

mass distribution in fig. 5.12 shows. After reconstruction, the pT thresholds of the single lepton triggers cut

off the lower tail of themℓℓℓ distribution. We require 40GeV < mℓℓℓ < 90GeV for the signal region.

HNLmass

The sensitivity drops fastwith increasingHNLmassmN for thedisplacedHNLsignaturedue to |U |2 ∝ 1
m5

N
.

Therefore, we require the reconstructed HNLmass to bemHNL < 20GeV.

5.6.4 Signal region selection efficiency and cutflow

Figure 5.24 shows the selection efficiency after applying the full signal region selection to our signal MC

samples for the channelsµ−µµ andµ−µe. The selection efficiency is the ratio between the number of events

that pass the final signal region selection and the total number of generated events per analysis channel. The

impact of the heavy-flavour decay veto can be seen on both channels. For the µ−µµ channel themDV >

5.5 GeV requirement sets the sensitivity to zero for themN = 3, 4, 4.5, 5 GeV samples. While the more

involved rDV −mDV correlation selection retains some sensitivity in the µ−µe channel for low masses and
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5 Search for long-lived heavy neutral leptons

high lifetimes, while the selection efficiency formN ≤ 5GeVand cτN = 1mmis zero. In general, theµ−µµ
channel has a higher selection efficiency for high HNLmasses and lifetimes due to the higher reconstruction

efficiencyofµµ compared toeµdisplaced vertices (fig. 5.19) and thehigher reconstruction efficiencyofmuons

compared to electrons (figs. 4.16 and 4.19).

Detailed cutflow tables for a (mN = 10 GeV, cτN = 10 mm) signal MC sample scaled to the 1SFH

model in the Majorana limit and the full 139 fb−1 of LHC Run2 data are given in tables 5.5 and 5.6. We

lose a lot of events in the trigger selection due to the high single lepton trigger pT thresholds, in theDRAW

filter step, in vertexing, and in filtering the heavy-flavour background. Even though the mixed channels, such

as the µ−µe channel, have a lower selection efficiency than the µ−µµ channel, we have a higher number of

expected events for the µ−µe channel in table 5.5 due to the higher branching ratio in the HNL decay to

different flavour leptons compared to same flavour leptons as shown in fig. 5.9. Again, due to the branching

ratios, the mixed flavour displaced vertex channels µ−µe and e−eµ have the highest expected signal yields

among the six analysis channels.

As seen from table 5.6, we are left with 0− 2 observed data events for all channels in the final signal region

selection out of∼ 108 initial events recorded.
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5.6 Event selection

Table 5.5: Cutflow for six simulated signal channels showing the weighted number of expected events based on the
single-flavour mixing model in the Majorana limit. Each column uses the generated signal sample with the
mass hypothesismN = 10GeV and proper decay length cτN = 10mm. Table and caption are taken from
our PRL publication ref. [10].

Prompt-µ channels Prompt-e channels
Selection µ−µµ µ−µe µ−ee e−ee e−eµ e−µµ
All 60.05 174.44 2.79 60.85 177.42 2.80
Trigger 23.32 64.97 0.99 17.63 54.47 0.88
Primary vertex 23.32 64.97 0.99 17.63 54.47 0.88
DRAW Filter 14.94 39.84 0.55 9.94 32.84 0.57
Medium prompt ℓ 14.06 37.31 0.51 8.11 26.82 0.46
Prompt ℓ overlap 14.03 37.26 0.51 8.08 26.69 0.46
Displaced vertex 5.11 12.05 0.15 2.35 9.15 0.18
Fiducial volume 4.81 11.36 0.14 2.19 8.38 0.17
2-track displaced vertex 4.66 10.87 0.13 2.04 8.07 0.16
OS displaced vertex 4.63 10.77 0.13 2.02 8.01 0.16
Displaced vertex type 4.52 10.51 0.13 2.00 7.86 0.15
Cosmic veto 4.52 10.51 0.13 2.00 7.86 0.15
Lepton pT 4.39 8.33 0.09 1.35 6.32 0.15
Material veto – – 0.06 0.97 – –
Displaced ℓ quality 4.01 7.48 0.06 0.85 5.69 0.13
Trigger matched ℓ 3.65 6.79 0.05 0.85 5.66 0.13
mℓℓℓ 3.57 6.55 0.05 0.83 5.50 0.13
Heavy-flavour veto 1.87 3.64 0.03 0.44 2.98 0.07
Z mass veto 1.87 3.64 0.03 0.44 2.96 0.07
mHNL 1.87 3.64 0.03 0.44 2.96 0.07
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5 Search for long-lived heavy neutral leptons

Table 5.6: Cutflow for the six channels in data showing the number of events passing each successive signal selection for
Majorana HNLs. Table and caption are taken from our PRL publication ref. [10].

Prompt-µ channels Prompt-e channels
Selection µ−µµ µ−µe µ−ee e−ee e−eµ e−µµ
All 1.02e+8 1.02e+8 1.02e+8 1.02e+8 1.02e+8 1.02e+8
Trigger 2.20e+7 2.20e+7 2.20e+7 2.19e+7 2.20e+7 2.20e+7
Primary vertex 2.20e+7 2.20e+7 2.20e+7 2.19e+7 2.20e+7 2.20e+7
DRAW Filter 1.63e+7 1.63e+7 1.63e+7 1.62e+7 1.63e+7 1.63e+7
Medium prompt ℓ 8.02e+6 8.02e+6 8.02e+6 6.43e+6 6.45e+6 6.45e+6
Prompt ℓ overlap 6.26e+6 6.26e+6 6.26e+6 4.66e+6 4.68e+6 4.68e+6
Displaced vertex 6.26e+6 6.26e+6 6.26e+6 4.66e+6 4.68e+6 4.68e+6
Fiducial volume 3.21e+6 3.21e+6 3.21e+6 2.44e+6 2.45e+6 2.45e+6
2-track displaced vertex 1.98e+6 1.98e+6 1.98e+6 1.51e+6 1.51e+6 1.51e+6
OS displaced vertex 1.17e+6 1.17e+6 1.17e+6 9.22e+5 9.25e+5 9.25e+5
Displaced vertex type 1.01e+4 9.59e+4 1.01e+6 8.08e+5 6.97e+4 6709
Cosmic veto 1.01e+4 9.59e+4 1.01e+6 8.08e+5 6.97e+4 6706
Lepton pT 8387 3.68e+4 8.10e+4 6.52e+4 2.69e+4 5652
Material veto – – 4.79e+4 3.70e+4 – –
Displaced ℓ quality 6217 5484 6056 6218 3349 4130
Trigger matched ℓ 5618 4645 5599 6080 3157 3922
mℓℓℓ 2990 2631 3277 3649 1813 2210
Heavy-flavour veto 16 30 7 15 13 5
Z mass veto 16 29 7 9 12 5
mHNL 2 2 1 2 0 1
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5.6 Event selection

5.6.5 Validation region and control region selection

Validation region

The validation region used in this work is formed from events without a prompt lepton candidate and, there-

fore, called inverted prompt lepton validation region. While designing the selection criteria for the signal

region, we blinded the opposite-sign (OS) vertices in data to avoid a possible human bias. Once all selection

criteria were set and the background was understood, we unblinded the signal region and looked into OS

displaced vertices in data. To study the behaviour of OS and same-sign (SS) displaced vertices, we need an

analysis region similar to the signal region that allows us to look at both OS and SS displaced vertices without

unblinding. To achieve this, we look at events with no reconstructed prompt electron or muon that satis-

fies any lepton-WP or the criteria defining a prompt lepton (see section 5.6.1). We call this requirement the

prompt lepton veto. The prompt lepton veto guarantees orthogonality between the validation region and the

signal region sinceHNLs fromW boson production always feature a prompt lepton. This way, we can study

OS and SS displaced vertices without risking accidentally unblinding and look into data that contains our

signal signature. Table 5.7 summarises the selection criteria for the inverted prompt lepton validation region.

However, even with the applied prompt lepton veto, the HNL signal can leak into the validation region.

The signal leakage can happen in two ways: first, if the prompt lepton did not get reconstructed, and second,

if the HNL is produced via a Z boson instead of aW boson, as demonstrated in fig. 5.25. We checked how

many events don’t have a reconstructed prompt lepton in our signal MC samples and found that fraction in

the final SR selection to be negligible.

To investigate theZ boson production case, we first estimate the number of events we would expect com-

pared to theW bosonproductionσ(pp→W )·BR(W → lν) = 20.6nb [189].Wededuce the cross-section

times branching fraction value for theZ production from the ATLASmeasurement σ(pp→ Z) ·BR(Z →
ll) = 1.98 nb [189] using BR(Z → νν) = 20% and BR(Z → ll) = 3.7% [183]:

σ(pp→ Z) · BR(Z → νν) =
σ(pp→ Z) · BR(Z → ll)

BR(Z → ll)
· BR(Z → νν) = 11.76 nb (5.9)

Table 5.7: Description of the selection criteria used in the inverted prompt lepton validation region.
Selection Value
Event cleaning Standard ATLAS event cleaning
Primary vertex At least one (standard ATLAS selection)
DRAW filter Pass anyDRAW filter
Prompt lepton veto 0 prompt leptons
Cosmic muon veto

√
(Ση)2 + (π −∆ϕ)2 > 0.05

Displaced lepton-only vertex At least one
Number of tracks in DV 2
Fiducial volume 4 < rDV < 300mm

|zDV| < 300mm (only for ee displaced vertices)
Displaced vertex type ee, eµ or µµ vertex
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5 Search for long-lived heavy neutral leptons

Figure 5.25: Feynman diagram for the HNL production from aZ boson without a prompt lepton that features a two-
lepton opposite-sign displaced vertex. Shown here is the LNC process only. The decay via an off-shellZ is
possible, too, if the two displaced leptons have the same flavour.

Hence, we expect about half the number ofHNLs fromZ production than fromW production. In addition,

events without a prompt leptonwould need to pass theDRAW filter, and there is only a subset of filters in the

DRAW stream that does not require a prompt lepton trigger. After applying the DRAW filter efficiencies,

we are left with only 1-2 signal events in the validation region. Since we have more than 100 events in each

channel, we conclude that the signal contamination is negligible.

Control region

Additionally to the validation region, we define a control region to study the data-driven background estimate

close to the signal region and to constrain the background in the final fit. For the control region, we apply

the same selection as for the signal region (table 5.4) except for the last mHNL selection. Here, we require

20 ≤ mHNL ≤ 50 GeV instead. Based on the low sensitivity for high HNL masses, we don’t expect any

signal contamination in the control region.

5.7 Background estimation

One advantage of long-lived particle searches is that they are free from most SM processes. This section will

elaborate on the remaining background sources and how we reject or estimate them. There are several other

possibilities to end upwith prompt leptons and opposite-sign displaced vertices in the same event. Figure 5.26

summarises the different background sources we consider in this work and classifies them into two categories:

backgrounds we can reduce using specific selection criteria and backgrounds we have to estimate. The re-

ducible backgrounds are vertices frommaterial interactions such asγ → e+e−, cosmicmuons that are falsely

reconstructed as a displaced vertex, decays frommetastable particles such asBmesons or strange hadrons such

asKs or Λ0, and Z → ll decays, where one lepton gets falsely paired with a randomly crossing track to a

displaced vertex. The cosmic muon background, the background from material interactions, and the back-

ground fromZ → ll decays can be easily vetoed as described in section 5.6.3.
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Figure 5.26: Schematic illustration of possible background sources in this work. The background sources are grouped
into reducible sources on the left and irreducible sources on the right. The backgrounds on the left are ex-
cluded using specific selection criteria while we estimate the remaining background on the right. All back-
grounds have the same signature as our signal: an event featuring a prompt lepton (pink) and an opposite-
sign displaced vertex (green).

The background source we can not reduce since it is not constrained in displaced vertex mass or radius is

called random track crossing background. Here, two-tracks randomly cross somewhere in the inner detector

and get falsely reconstructed as a displaced vertex. By chance, a prompt lepton is reconstructed together with

the random track crossing vertex. The data-driven method we use to estimate the random track crossing

background is described at the end of this section.

To summarise, our background estimation strategy is to define requirements to removemost of the above-

mentioned reducible background sources until we are only left with the irreducible sources, namely the ran-

dom track crossing background in our signal region. Once this is done, we use a data-driven method based

on the total number of observed same-sign displaced vertices to predict the expected number of opposite-sign

displaced vertices that are formed from randomly crossing tracks. The reason to use same-sign displaced ver-

tices to estimate opposite-sign displaced vertices in data follows from the nature of the random track crossing

background. If only vertices formed from randomly crossing tracks are left in the data, we expect to see the

same number of opposite-sign displaced verticesNOS and same-sign displaced verticesNSS. NOS = NSS is

true for infinite statistics due to the randomness of the creation of the displaced vertices formed by randomly

crossing tracks, as trackswith the same electric charge are equally likely to randomly cross and form a displaced

vertex as tracks with an opposite electric charge. We validate the data-driven background estimate later in this

section.
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5 Search for long-lived heavy neutral leptons

Figure 5.27: The SM contains a large number of metastable particles. A selection of the SM particle spectrum is shown
as a function of mass and proper lifetime. Shaded regions roughly represent the detector-prompt and
detector-stable regions of lifetime space for a particle moving close to the speed of light. Figure and cap-
tion are taken from ref. [199].

5.7.1 Metastable particle decays

A selection of the SM metastable particle spectrum is shown as a function of mass and proper lifetime in

fig. 5.27. Depending on the proper lifetime, some of them have proper decay lengths (cτ ) between 1 µm

and 10 m. Backgrounds from those metastable particle decays that are relevant to this analysis can be highly

boosted B mesons that decay semileptonically and form an opposite-sign displaced vertex with two lepton

tracks. This double semileptonic decay could be b → cW ∗ and c → s/dW ∗, where the virtualW ∗ decays

further intoW ∗ → lν. Due to their boost,B mesons can be relatively long-lived and enter our signal region

in the lowmDV mass range between 5 and 6GeV. J/ψmesons can be displaced if they are produced by other

b hadrons such as B mesons. They would create a narrow peak in displaced vertex massmDV = 3.1 GeV

for same-flavour analysis channels such as µ−µµ, e−ee, e−µµ, and µ−ee due to their leptonic decay mode

J/ψ → l+l−. For small displaced vertex masses between 1 and 2 GeV, we would also expect backgrounds

from strange baryons and τ leptons. But strange baryons almost always decay into hadrons. Below a displaced

vertex mass of 1 GeV,Ks andKL decays dominate.

We use the inverted prompt lepton validation region (section 5.6.5) to study opposite-sign and same-sign

displaced vertices in data before unblinding. Figure 5.28 shows two-dimensional histograms for the displaced

vertex mass as a function of the displaced vertex radius for the three displaced vertex types µµ, eµ, and ee.

Most opposite-sign displaced vertices can be found at low values of displaced vertex mass and radius. For µµ
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(a) µµ displaced vertices
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(b) eµ displaced vertices
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(c) ee displaced vertices

Figure 5.28: Two-dimensional histograms of the displaced vertex massmDV as a function of the displaced vertex radius
Lxy := rDV of opposite-sign (OS) displaced vertices (DV) in the inverted prompt lepton validation region
(VR) for the three different vertex types. In addition to the VR selection criteria defined in section 5.6.5
we require muons to fulfil the Medium WP and electrons the LHVeryVeryLoose WP. The material
layers of the four pixel and the first SCT layer are indicated as red dashed lines. All figures show data with
L = 139 fb−1. Figures are taken from our internal note ref. [16].
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and ee displaced vertices, we see a clear peak from J/ψ decays atmDV = 3.1GeV. The bulk-like distribution

betweenmDV = 0− 5.5GeV is formed fromB meson decays. We suspect the band at lowmDV values for

the ee histogram to stemmainly from photon conversions due to the widespread towards high rDV values.

In general, we expect more opposite-sign than same-sign displaced vertices to be produced from SM pro-

cesses such as the above-describedmetastable particle decays. At displaced vertexmasses greater than 5.5 GeV,

we mostly predict background from random track crossing since none of the previously mentioned long-

lived particles are that massive. To test this, we look at the difference between the number of opposite-sign

and same-sign displaced vertices in themDV − rDV plane. This difference is shown in fig. 5.29 for µµ, eµ,

and ee displaced vertices in the inverted prompt lepton validation region. The z-axis is limited to 30 to ac-

centuateminor differences. Indeed, we see an apparent excess of opposite-sign displaced vertices and themain

differences at small displaced vertexmasses and radii. To reject those opposite-sign displaced vertices produced

from the SMmetastable particle decays, we define a displaced vertex type specific heavy flavour decay veto, as

introduced in section 5.6.3 and indicated by red lines for the different displaced vertex types in fig. 5.29.

For µµ displaced vertices, we define a straight heavy-flavour decay veto, while the correlatedmDV − rDV

veto is mainly motivated by the eµ displaced vertices but also applied to the ee displaced vertices. In the case

of µµ displaced vertices, the correlatedmDV − rDV veto cannot exclude resonant J/ψ → µ+µ− decays

at mDV = 3.1 GeV, which is why the straight veto of mDV > 5.5 GeV is chosen. After removing the

backgrounds frommetastable particle decays, only the random track crossing background should remain.

5.7.2 Random track crossing background

The random track crossing background should appear at equal rates for same-sign and opposite-sign displaced

vertices if we have infinite vertices, asmentioned before. So if our assumption is valid andwe are only left with

the random track crossing background after applying the heavy-flavour decay veto, then the displaced vertex

mass distributions should agree for opposite-sign and same-sign displaced vertices.

Figure 5.30 shows the displaced vertex mass distributions after application of the heavy-flavour decay veto

for the inverted prompt lepton validation region for the three displaced vertex types. The agreement between

the number of opposite-sign and same-sign displaced vertices is overall excellent. An excess remains for µµ

opposite-sign displaced vertices at low displaced vertex masses, which will be considered by a systematic un-

certainty later on. Now, we can, in principle, directly use the same-sign displaced vertices in data as an estimate

for the random track crossing background.

We would be statistically constrained if we only take the same-sign displaced vertices passing the signal

region selection (section 5.6.3modified for same-sign displaced vertices) as a data-driven background estimate

for random track crossing. The probability is minimal that two-tracks that randomly cross form a displaced

vertex and get matched to muons or electrons while, at the same time, a prompt lepton is present in the
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(a) µµ displaced vertices

(b) eµ displaced vertices (c) ee displaced vertices

Figure 5.29: Shown here is the difference between the number of opposite-sign (OS) and same-sign (SS) displaced ver-
tices (DV) for the validation region in the displaced vertex mass versus displaced radius plane. The z-scale
is limited to 30 to highlight small positive and negative differences. The heavy-flavour decay veto is indi-
cated as a solid red line (defined in eq. (5.8) and section 5.6.3). Figures are taken from our PRL publication
ref. [10].
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(a) µµ displaced vertices

(b) eµ displaced vertices (c) ee displaced vertices

Figure 5.30: The displaced vertex mass distributions in the inverted prompt lepton validation region for opposite-sign
(OS) and same-sign (SS) displaced vertices (DV) after applying the heavy flavour decay veto. The distribu-
tions show good agreement between OS and SS displaced vertices. A systematic uncertainty considers the
remaining disagreements. The data points and their corresponding error bars are slightly shifted for illus-
trative purposes. Figures are taken from our PRL publication ref. [10].
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Figure 5.31: Schematic illustration of the objects we shuffle from different events to re-pair and create new artificial
events that form the data-driven estimate for the random track crossing background. We take prompt lep-
tons from events with same-sign displaced vertices with loosened selection criteria (see text). We randomly
pair themwith opposite-sign displaced vertices from the validation regionwithout a prompt lepton to form
the data-driven background estimate.

event. Ideally, we would prefer a continuous background distribution to maximise the benefits of a potential

reconstructed HNLmass peak (fig. 5.14).

For this reason, we introduce a prompt lepton shuffling method, assuming that the prompt lepton in the

random track crossing background event is uncorrelated with the displaced vertex. The idea is to take prompt

leptons from same-sign data events and randomly pair (shuffle) them with opposite-sign displaced vertices

from the inverted prompt lepton validation region. This process is illustrated in fig. 5.31 for generating arti-

ficial events from the two input objects. We can calculate kinematic variables, including the mass of HNL,

using the artificially paired objects. The increase in statistics is limited by the number of prompt leptons and

the number of same-sign displaced vertices available for shuffling. To increase the available statistics, we loosen

the same-sign displaced vertex selection criteria4 to raise the number of available prompt leptons for shuffling.

We verified that the kinematic distributions of the looser displaced vertex events remain unchanged upon

loosening their selection criteria, thus avoiding potential biases.

Figure 5.32 shows the resulting HNL mass distribution of the prompt-lepton shuffling method (grey

squares) for the six analysis channels. Shown in fig. 5.32 are the signal and control regions together and the

smoothing effect the shufflingmethod has on the data-driven same-sign background (grey dots). The shuffled

distributions are normalised to the number of observed same-sign events in 0 ≤ mHNL ≤ 50 GeV. Impor-

tant to note here is that we only observe 0-1 same-sign background events in the signal regions. The observed

opposite-sign data events are shown as black dots for completion.

5.7.3 Background validation

Figure 5.30 already shows that the heavy-flavour decay veto is capable of reducing long-lived low-mass SM

background to a negligible level since the opposite-sign and same-sign distributions agree. From this agree-

4The loosened displaced vertex selection criteria follow the signal-region selections in section 5.6.3 except that: We select same-sign
displaced vertices, we do not require a displaced lepton quality, we do not apply the heavy-flavour decay veto, and we impose a
loose displaced vertex mass selection ofmDV > 1GeV.
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Figure 5.32: HNL mass distributions for the data-driven estimates for the random track crossing background (grey
squares), the observed number of same-sign displaced vertex events (grey dots), and the observed num-
ber of opposite-sign displaced vertex events (black dots) for the six analysis channels in the signal region
(SR,mHNL ∈ [0, 20]GeV) and control region (CR,mHNL ∈ [20, 50]GeV). The total number of events
in both regions is shown behind the legend entries for each plot. Figures are taken from our internal note
ref. [16].

106



5.8 Discriminating variable

Table 5.8: KS test probabilities were calculated for each channel to evaluate the similarity between the shapes of the
same-sign background and the distributions obtained by shuffling each same-sign displaced vertex from the
modified signal regionwith a prompt lepton from a different event (fig. 5.33 and fig. 5.34), as explained in the
text. The two distributions are considered incompatible if the KS probability is low (p ≪ 1). However, the
results of theKS test show that the original same-sign distributions and the distributionwith shuffled prompt
leptons are indeed compatible. As a result, pairing a prompt lepton with a same-sign displaced vertex from
accidental track crossings is random. The test values are taken from our internal note ref. [16].

Analysis channel pKS−test formHNL (fig. 5.33) pKS−test formℓℓℓ (fig. 5.34)
µ−µµ 0.43 0.20
µ−µe 0.99 0.23
µ−ee 0.94 0.72
e−eµ 0.80 0.62
e−ee 0.99 0.89
e−µµ 0.99 0.45

ment, we can conclude that vertices formed from randomly crossing tracks are independent of the charge of

those tracks.

Constructing thedata-driven randomtrack crossingbackgroundestimatewith theprompt lepton shuffling

method assumes that the random track crossing vertex is not correlated with the prompt lepton in the event.

To validate this assumption, we look at same-sign displaced vertices in the signal region with slightly mod-

ified selections: We apply the pre-selection (section 5.6.2) and only apply the displaced lepton quality and

material veto selection from section 5.6.3. Additionally, we requiremDV > 2 GeV. We then compare the

reconstructedHNLmass distributions for the original same-sign events, using the original prompt lepton for

the HNL mass calculation (grey dots in fig. 5.33) with HNL mass distributions calculated using a random

prompt lepton from a different event (coloured triangles in fig. 5.33). The two resulting HNLmass distribu-

tions agree well for all six analysis channels. Figure 5.34 shows the same validation scheme for the invariant

mass of the three visible leptonsmℓℓℓ.

On top of the visual comparison, we conduct a Kolmogorov-Smirnov (KS) goodness-of-fit test [200] to

compare the shape compatibility of the two distributions. The resulting KS probability pKS−test is listed

in table 5.8. The two input distributions are incompatible if the KS probability is much smaller than unity.

However, theKSprobabilities in table 5.8 indicate that theHNLmass distributions and the three leptonmass

distributions are compatible. Therefore, the pairing of a prompt leptonwith a vertex from randomly crossing

tracks is, in fact, random.

5.8 Discriminating variable

This work’s primary discriminating variable between signal and background is the reconstructed HNLmass

mHNL. Although the undetected neutrinomakes it impossible to reconstruct the full invariant displaced ver-

texmass directly, we canuse our knowledge of theW mass spectrumand the energy-momentumconservation

laws to calculate the HNLmass. The details of the HNLmass calculation are given in ref. [10] and for conve-
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Figure 5.33: HNL mass distributions of the original same-sign events that serve as a source for the prompt leptons for
shuffling (original prompt leptons, grey squares) and theHNLmass distributions from the shuffled events
(random prompt lepton, coloured triangles). The shuffling factor f is the ratio of the number of shuffled
events to the number of original same-sign background events. The total number of events is shownbehind
the legend entries for each plot. Figures are taken from our internal note ref. [16].
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Figure 5.34: Three-lepton mass distributions of the original same-sign events that serve as a source for the prompt lep-
tons for shuffling (original prompt leptons, grey squares) and the three lepton mass distributions from the
shuffled events (random prompt lepton, coloured triangles). The shuffling factor f is the ratio of the num-
ber of shuffled events to the number of original same-sign background events. The total number of events
is shown behind the legend entries for each plot. Figures are taken from our internal note ref. [16].
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5 Search for long-lived heavy neutral leptons

(a) e−ee channel (b) µ−ee channel

(c) e−eµ channel (d) µ−µe channel

(e) e−µµ channel (f) µ−µµ channel

Figure 5.35: Shown here are the reconstructedHNLmass distributions in the signal and control regions for the shuffled
background estimate, three different HNL signal MC samples with mN = 5, 10, 15 GeV and cτN =
10mm, and the observed opposite-sign data for all six analysis channels. The fine binning here is not used
in the final fit, and the shuffled background is normalised by the final two-bin fit described in section 5.10.2.
The signal MC samples are scaled to the 2QDH(IH) model in the Majorana limit. Figures are taken from
our PRL publication ref. [10].
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5.9 Systematic uncertainties

nience in section A.2. Figure 5.35 shows the reconstructed HNLmass for three different signal MC samples,

the data-driven estimate for random track crossing background, and the observed data for all six analysis chan-

nels. The signalMC samples leave a nicely peaking signature around their generatedHNLmassmN , and it is

easy to see that we expect fewer signal events for increasingmN due to the decrease inHNL coupling squared

with increasing HNL mass as shown in eq. (5.1). In the control region, we are only left with the data-driven

background estimate and data, which helps us to constrain the background.

We can also observe in fig. 5.35 that the signal region is sparsely populatedwith the data-driven background

in this fine binning. We see this effect even thoughwe increased the statistics using the prompt lepton shuffling

method section 5.7.2. Also, looking again at fig. 5.32, we can see that we don’t havemany same-sign displaced

vertices in the signal region to validate the shape of the data-driven shuffled background estimate. Therefore,

we decided to use only one bin for the signal region and one bin for the control region in the final fit.

5.9 Systematic uncertainties

In this section, wewill list the different sources of systematic uncertainties that arise from the luminositymea-

surement, pileup, the DRAW filter discrepancy between data and simulation, tracking, displaced vertexing,

triggering, lepton reconstruction, and the cross-section calculation. Those uncertainties are applied to the

signal MC samples in the final fit and discussed in section 5.9.1. Table 5.9 summarises the systematic uncer-

tainties in the selection efficiency per analysis channel, which ranges from 8− 33% in total.

In addition to the systematic uncertainties applied to the signalMCsamples, we have sources of uncertainty

associated with the data-driven estimation of the random track crossing background. Those are related to the

remaining disagreements between the number of same-sign and opposite-sign displaced vertices in the in-

verted prompt lepton validation region (fig. 5.30) and to the fact that we only have a finite number of prompt

leptons for shuffling. The relative uncertainties per analysis channel applied to the data-driven background es-

timate are listed in table 5.10 and discussed in detail in section 5.9.2. The total uncertainties in the data-driven

background estimate range from 2− 79% for the different analysis channels.

5.9.1 Signal systematic uncertainties

Track reconstruction uncertainties

We randomly remove a fraction of tracks from the event to estimate the uncertainties from track reconstruc-

tion. The track-dropping probability is provided by a central recommendation derived for tracks with a small

impact parameter from the combined performance (CP) groups in ATLAS and depends on the track param-

eters pT and η [201]. The tracking uncertainties returned from the CP tool are added in quadrature and are

found not to depend strongly on the analysis channel, HNL mass or HNL lifetime. Therefore, we add all

signal samples to study the tracking uncertainty. Figure 5.36 shows a cut flow of the applied selections and
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5 Search for long-lived heavy neutral leptons

Table 5.9: Summary of the systematic uncertainties impacting reconstruction efficiencies. The values in the table refer to
the impacts on the signal yields for each channel. Table and caption taken fromour PRLpublication ref. [10].

Uncertainty Source Maximum Selection Efficiency Uncertainty [%]
Channel µ−µµ µ−µe µ−ee e−ee e−eµ e−µµ
Integrated luminosity 1.7
Pileup 3
Filter discrepancy 3
Tracking 3
Displaced vertex reconstruction 11 21 19 20 28 9
Lepton d0 extrapolation 5 7 7 7 6 4
Trigger efficiency < 1 1 < 1 < 1 < 1 < 1
Lepton reconstruction and identification 4 9 12 17 15 2
W cross-section 3
HNL branching fractions and decay 5
Total 8 – 33

Table 5.10: The relative systematic uncertainties in the background estimate are estimated by creating shuffled events
fromSS displaced vertices or prompt leptons taken from eventswith differentDVchannels. The total uncer-
tainty is the quadrature sum of the two contributions. The uncertainties are treated as uncorrelated among
the different channels. Table and caption taken from our PRL publication ref. [10].

Channel Relative Uncertainty (%)
DV Prompt ℓ Total

e−ee 35 < 1 35
µ−ee 27 < 1 27
e−eµ 2 1 2
µ−µe 5 5 7
e−µµ 70 2 70
µ−µµ 79 3 79
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Figure 5.36: Reductionof selection efficiency at the displaced vertex type selection after removing a randomcollectionof
tracks following the central performance groups recommendations. The signal MC samples are combined
for the analysis channelsµ−µµ, µ−µe, e−ee, e−µµ, HNLmassesmN = 3−20GeV, and proper decay
lengths cτN = 1 − 100mm because the tracking variations do not depend on channel, mass or lifetime.
The selection efficiency is reduced by 2.6% at the displaced vertex type selection. Figure taken from our
internal note ref. [16].

the reduction of events in % for the samples where some tracks have been removed randomly. The loss in

signal selection efficiency is evaluated at the displaced vertex type selection and symmetrised around the nom-

inal value of the expected signal yield for the full collection of tracks. In the symmetrisation, we assume that

the random loss in tracks generates the same fluctuation in signal selection efficiency as a random addition

of tracks would. It is easier to randomly remove tracks than to randomly add tracks. In fig. 5.36, we see a

reduction of 2.6%, which motivates the conservative estimate of 3% for the track reconstruction uncertainty.

Figure 5.37 shows the tracking uncertainty resolved in the different analysis channels.

Displaced vertex reconstruction uncertainty

The displaced vertex reconstruction uncertainty accounts for differences in vertex reconstruction between

data and simulation and is the most prominent signal uncertainty. We apply a method similar to ref. [202]

to estimate the uncertainty. To study the differences between data and simulation, we look atK0
s → π+π−

decays (cτ = 26.84 mm) from dijet simulations generated with Pythia 8.186 and data with the inverted

prompt lepton validation region selections applied. The two-pion displaced vertex requires amodified vertex-

ing algorithm identical toVSILeptonsMod, except that not only lepton tracks are used in the vertex seeding

step. Ideally, we would have used the same vertexing configuration, but there are no suitable leptonic alter-

natives in data with enough statistics. After applying the prompt lepton veto, we select two-track displaced
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5 Search for long-lived heavy neutral leptons

Figure 5.37: Shown here is the tracking uncertainty in % for the different analysis channels for HNL masses mN =
3−20GeV, and proper decay lengths cτN = 1−100mmcombined. Figure taken from our internal note
ref. [16].

vertices and require the displaced vertexmass to be aroundmK0
S
= 497MeV: 487 < mDV < 507MeV.Ad-

ditionally, we require |α⃗| < 0.01 rad for further background suppression. We define α⃗ = angle(r⃗TDV, p⃗
T
DV)

as the angle in the transverse plane between the vector pointing from the primary to the displaced vertex

r⃗TDV = (xDV, yDV) − (xPV, yPV) and the transverse momentum of the displaced vertex p⃗TDV. For α⃗, a

sharp peak close to zero for displaced vertices fromK0
s → π+π− decays is expected. The differences between

data and MC simulation in fig. 5.38 are resolved in displaced vertex radius rDV and transverse momentum

pT . All pT bins of the data/MC simulation ratio are normalised to the first bin(s) at small rDV depending on

the statistics available. In addition, the tracking and vertex reconstruction algorithms are expected to bemore

robust in the bins close to the interaction point. The normalisation bins are indicated by a red line in fig. 5.38.

Deviations from unity in fig. 5.38 are taken as the displaced vertex reconstruction uncertainty (symmetrised

around the nominal). The displaced vertex reconstruction uncertainty varies between 0 − 28% depending

on the signal mass-lifetime point and analysis channel.

DRAW filter uncertainty

As explained in section 5.6.2, the reconstructed objects that the DRAW filter is applied to in data are no

longer available at the reconstruction level because the large-radius tracking algorithm overwrites the track

containers. The DRAW filter is applied to data events before large-radius tracking and secondary vertexing

are run. To correctly estimate the event yields from simulation, we must emulate the filter for the signal MC

samples. The emulation for the signal MC samples is done on the track collection that includes large-radius

tracking, which results in a mismatch between the filter emulator and the actual DRAW filter. We apply

the filter emulation for both data and MC simulations. Table 5.11 summarises the possible outcome with
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5.9 Systematic uncertainties

Figure 5.38: The dominant signal uncertainty is due to differences in the reconstruction of displaced vertices and tracks
between data andMC. This is evaluated by comparingK0

s → π+π− event yields in the validation region
with MC simulations produced with Pythia 8.186 in bins of pT and rDV. The data/MC ratio is nor-
malised to the bin nearest the interaction point, where the tracking and vertex reconstruction algorithms
are expected to be most robust. The summarised difference from 1.0 is applied to each signal vertex as a
per-event systematic variation. Figure and caption (modified) taken from our PRL publication ref. [10].
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5 Search for long-lived heavy neutral leptons

Table 5.11: Definitions of pass-fail combinations with and without large-radius tracking (LRT) enabled. We apply the
filter emulation on both the simulation and the data. Therefore, we expect to see true positives in data and
true positives and false positives in simulation.

passDRAW filter
LRT disabled (data-like) LRT enabled (simulation-like)

true positive pass pass
true negative fail fail
false positive fail pass
false negative pass fail

(simulation-like) andwithout (data-like) large-radius tracking enabled and defines the terms true positive (pass

with and without large-radius tracking enabled), true negative (fail with and without large-radius tracking

enabled), false positve (fail the large-radius tracking disabled and pass the large-radius tracking enabled case),

and false negative (pass the large-radius tracking disabled and fail the large-radius tracking enabled case). For

data events, we expect to see only true positive eventsNtruepositive, while for simulation, both true positive

and false positiveNfalsepositive events are possible. Toderive the systematic corresponding to theDRAW filter

mismatch, we can turn on and off large-radius tracking in our MC samples using:

DRAW uncertainty =
Ntruepositive

Ntruepositive +Nfalsepositive
(5.10)

After applying this method to all mass-lifetime points and analysis channels, we set a conservative estimate of

3% for theDRAW filter systematic.

Pileup uncertainty

Weights are applied to the signal sample distributions tomatch the pileup profile fromMC simulations to the

pileup profile during data-taking. The uncertainty corresponding to the pileup reweighting method is com-

puted using a central tool that is provided by the combined performance groups in ATLAS [116]. The pileup

reweighting uncertainty expresses the remaining differences in the pileup conditions between data and simu-

lations. The overall uncertainty is determined by varying the pileup reweighting factor around the nominal

value. The resulting uncertainty is estimated to be 3% for all analysis channels.

Lepton identification |d0| extrapolation uncertainty

Displaced leptons are not covered in the standard (prompt) lepton reconstruction efficiencies due to their high

impact parameter |d0|. With increasing |d0|, the lepton reconstruction efficiency decreases. To measure the

effect of lepton identification for high |d0|, we study the effect of the lepton quality selection in our signalMC

samples (similar to ref. [203]). We divide the number of reconstructed leptons that pass the quality selection

by the number of all reconstructed leptons. The ratio cancels the effect on the selection efficiency from other
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5.9 Systematic uncertainties

sources, such as displaced vertexing and tracking. We do this for muons and electrons separately and look at

the result binned in |d0|. Figure 5.39 shows the resulting distributions of the impact parameter |d0| for both
muons and electrons. For low |d0|, we are in the regime of the standard lepton reconstruction. Therefore, we

normalise the two distributions to the first bin (|d0| = 0− 3mm). The difference from unity in the ratio is

symmetrised and used as the |d0| extrapolation uncertainty.

W production cross-section uncertainty

The HNL production cross-section is proportional to theW production cross-section (eq. (5.5)), which we

use as an input parameter from the ATLAS measurement in ref. [189]. The ATLAS measurement of theW

production cross-section is reportedwith a 3% systematic uncertainty. We apply the 3% systematic uncertainty

to the signal selection efficiency.

Integrated luminosity uncertainty

The integrated luminosity corresponding to the years of data-taking from 2015-2018 of L = 139 fb −1

measured with the LUCID-2 detector [204] has an uncertainty of 1.7% [118].

Lepton reconstruction and identification; trigger uncertainty

We use central tools provided by ATLAS to determine the uncertainties related to the lepton calibration, the

detector conditions, and the trigger system. Systematic uncertainties related to the trigger system range up

to 1% [205, 206]. Uncertainties pertaining to lepton reconstruction and identification range between 2% and

17% [207, 208].

HNL branching fractions and decay

To determine the branching ratio of the decay from theHNL to the two leptons and the neutrinoBR(N →
lβlγν), we use an updated calculation that features perturbative QCD corrections [188, 209] that are not in-

cluded in MadGraph. The calculation has been done by our short-time associates, Oleg Ruchayskiy and

Jean-Loup Tastet. We assign a conservative 5% as an uncertainty to the calculation according to their recom-

mendation.

5.9.2 Background systematic uncertainties

Displaced-vertex systematic uncertainty

After application of the heavy-flavour decay veto, we still observe some differences between the same-sign and

opposite-sign displaced vertex distributions (see fig. 5.30), indicating that we significantly reduced the SM

background, but didnot removenon-randomtrack crossingbackground entirely. We introduce thedisplaced-
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5 Search for long-lived heavy neutral leptons

(a) displaced muons

(b) displaced electrons

Figure 5.39: Shown here is the track d0 for displaced leptons (muons and electrons) with andwithout the lepton quality
selection applied. The distributions are normalised to the first bin (0 − 3 mm), and the deviations from
unity in the higher |d0| bins are used as a systematic uncertainty, as shown at the bottom of each plot.
Modified figures are taken from our internal note ref. [16].
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5.9 Systematic uncertainties

vertex systematic uncertainty to take the remaining differences between opposite-sign and same-sign displaced

vertices into account that arise from the residual non-random track crossing background.

The data-driven background estimate is derived by shuffling opposite-sign displaced vertices from the in-

verted prompt lepton validation region with prompt leptons from same-sign data events that pass the signal

region selection. To measure the differences arising from the total charge of the two tracks of the displaced

vertex, we repeat the method with same-sign displaced vertices from the validation region and shuffle them

with the same prompt leptons. Figure 5.40 (top) schematically shows the shuffling method to derive the

displaced-vertex systematic uncertainty. Both the nominal shuffled background and the displaced-vertex sys-

tematicHNLmass distributions are shown in fig. 5.41. The difference between the data-driven shuffled back-

groundand thedisplaced vertexHNLmass distribution is taken as thedisplaced-vertex systematic uncertainty.

The displaced-vertex systematic uncertainty is applied to the data-driven background estimate in the final fit.

Important to note here is that the uncertainty is fully correlated between the signal and control region and

that the signal and control region are only one bin each. FiguresA.5 andA.6 show the displaced-vertex system-

atic uncertainty in the final signal and control region binning for completeness. Significant shape differences

of the systematic and nominal HNLmass distributions in 5.41 result in more considerable systematic uncer-

tainties. We see themost significant differences between opposite-sign and same-sign displaced vertices forµµ

displaced vertices in the lowmDV mass range (see fig. 5.30). Consequently, we get the largest displaced-vertex

systematic of 70% for the e−µµ channel and 79% for the µ−µµ channel.

Prompt-lepton systematic uncertainty

The limit on the number of artificial events for the data-driven background estimate is determined by the

number of data events with a prompt lepton and a same-sign displaced vertex that pass the signal region selec-

tion. We introduce the prompt-lepton systematic to account for the finite number of prompt leptons available

for shuffling. Tomeasure the effect, we repeat the shufflingmethodwith opposite-sign displaced vertices from

the inverted prompt lepton validation region and shuffle them with prompt leptons from same-sign events

of a different analysis channel. For example, prompt leptons from data events with same-sign displaced ver-

tices of channel A (say µ−µµ) are shuffled with opposite-sign displaced vertices from the validation region

of channel B (say µ−µe). Figure 5.40 (bottom) illustrates the shuffling process schematically. The resulting

HNL mass distribution then shows the effect of using a different set of prompt leptons. Figure 5.41 indi-

cates a good shape agreement in HNL mass between the nominal data-driven background estimate and the

prompt-lepton systematic distribution for all analysis channels, resulting in a systematic uncertainty of up

to 5%. The prompt-lepton systematic uncertainty is also applied to the background in the final fit and fully

correlated between the signal and control region (see figs. A.7 and A.8 for plots that show the prompt-lepton

systematic uncertainty in the signal and control region binning used in the final fit).
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5 Search for long-lived heavy neutral leptons

Figure 5.40: Schematic illustration of the shuffling procedures applied to derive the two systematic uncertainties that
arise from the data-driven background estimation. The method to derive the systematic uncertainty that
corresponds to the remainingmismatch between opposite-sign and same-sign displaced vertices is shown at
the top. The procedure to estimate the uncertainty that takes the limited number of prompt leptons into
account is shown at the bottom, where channel A and channel B indicate two different analysis channels
(for example µ−µµ and µ−µe).
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Figure 5.41: TheHNLmass distributions in the signal and control region for the data-driven background estimate (solid
squares), the observed same sign displaced vertices (solid circles) together with the HNLmass distribution
used to estimate the displaced-vertex systematic (background DV systematic, empty squares), and the dis-
tribution to estimate the prompt-lepton systematic (background plep systematic, empty circles) for all six
analysis channels. The systematic uncertainty is derived using the differences between the data-driven back-
ground and the systematic distributions. The total number of events is shown behind the legend entries for
each plot. Figures are taken from our internal note ref. [16].
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5.10 Statistical interpretation

Nowwehave all the ingredientswe need to test the eight differentHNL signal hypotheses (section 5.3). We se-

lect only events thatmatch the signature characteristic for the leptonic decay ofHNLs (sections 5.2 and5.6.3).

We have minimised SM background in the signal region and estimated the remaining random track crossing

background using a validated data-driven method (section 5.7). We found a powerful discriminator between

signal and background in reconstructing the HNL mass despite the absence of the neutrino in the recon-

structed event (section 5.8). Finally, we studied and estimated the various sources of systematic uncertainties

that impact the signal selection efficiency and that arise from the estimation of the data-driven background

estimate (section 5.9).

The following section will outline the results of this work, starting with a short introduction to the statis-

tical method used, followed by a description of the final maximum likelihood fit.

We use a software framework named TRExFitter [210] that has been developed to perform statistical

data analyses following the CLsmethod [211, 212]within the ATLASCollaboration. A Python based wrap-

per (theDHNLLimits framework) needed to be created from scratch around TRExFitter to perform all

relevant tasks and to produce the final results. The technical details of DHNLLimits are described in sec-

tion A.6.

5.10.1 CLs method

"A search implicitly implies a duty to attempt to falsify a new physics hypothesis being tested" [212].

The CLs prescription [211, 212] is the standard method for exclusion and discovery in the LHC experi-

ments. Its usage dates back to the Higgs search at the Large Electron-Positron Collider (LEP) at CERN. The

goal of a search for a new particle is to either exclude a signal with high certainty or confirm it with high cer-

tainty while minimising the chances of false positives and false negatives. Practically, this is done in terms of a

hypothesis test. The baseline hypothesis (H0) is that all we observe is background, and the alternative hypoth-

esis (H1) claims that we observe signal and background events. The software framework TRExFitter uses

a global likelihood function5 (eq. (5.11)) for all bins and nuisance parameters (one for each systematic uncer-

tainty), whereL(µ = 0) corresponds to the baseline hypothesis andL(µ = 1) to the alternative hypothesis.

L(n⃗|µ, µb, Θ⃗, γ⃗) =
∏
i∈bins

P
(
ni|γiµS(Θ⃗) + µbB(Θ⃗)

)
·
∏
j∈NP

G(Θj)︸ ︷︷ ︸
systematics

·
∏
i∈bins

P (γi)︸ ︷︷ ︸
MC statistical
uncertainty

(5.11)

P and G are Poisson and Gaussian distributions, n⃗ the number of events for all bins with the components

ni being the number of events for each bin, Θ⃗ the vector of nuisance parameters (NP) Θj (one for each

5The basic concepts of probability density functions, likelihood functions and the maximum likelihood method are outlined in
section A.1.
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5.10 Statistical interpretation

systematic uncertainty),S andB are the signal and background predictions, andµ is the parameter of interest

(POI, signal strength). The signal and background predictions form a counting experiment in each bin and

are, therefore, described by a Poisson distribution. Each systematic uncertainty is added as a Gaussian term

to the likelihood function. The γ⃗ factors, added as Poisson terms, take the statistical uncertainties of theMC

simulations into account and scale the non-data-driven part of the prediction (S) in the main Poisson term.

One γi factor is included in the likelihood function per bin. In the likelihood fit, we introduce an additional

free-floating normalisation factorµb on the data-driven background estimate per analysis channel besides the

signal strength µ.

The one-sided profile likelihood ratio λ(µ) is used in the test statistic qµ, which is the ratio between the

maximised likelihood for a given µ and the maximised likelihood for all µ (conditional likelihood L(µ, ˆ̂θµ)
divided by the unconditional likelihoodL(µ̂, θ̂µ̂), where ˆ̂θµ are the best-fit values of the nuisance parameters

for the conditional likelihood and µ̂ and θ̂µ̂ are the best-fit values of the signal strength and the nuisance pa-

rameters for the unconditional likelihood;Θµ is the set of nuisance parameters Θ⃗ for a particularµ, including

the gamma and normalisation factors). The test statistic is motivated by the Neyman-Pearson Lemma [213],

which states that the likelihood ratio is the optimal discriminator in hypothesis testing. We take the negative

logarithm of the profile likelihood ratio as our test statistic qµ:

qµ = −2 lnλ(µ) (5.12)

with

λ(µ) =
L(µ, ˆ̂θµ)
L(µ̂, θ̂µ̂)

(5.13)

µ̂ is constrained in this work between [0, 100]. Wilks Theorem [214] states that qµ = −2 lnλ(µ) follows a

χ2 distribution for a large data sample. In the large-statistics limit, the so-called asymptotic solution allows

the analytic calculation of the confidence levels CLs+b and CLb [215]. We observe only a few events per bin

in the final HNL mass binning. Consequently, we must rely on a numerical MC-based method to calculate

the test statistic distributions. Using those so-called toy MC experiments, TRExFitter creates probability

density functions for the alternative hypothesis f(q|µ) and the baseline hypothesis f(q|µ = 0). This way,

we test our HNL signal hypothesis. Depending on the result of the hypothesis test, we can either confirm or

exclude the HNL hypotheses up to a certain probability. The corresponding confidence levels are calculated

as follows:

CLs+b =

∫ qobs

−∞
f(q|µ)dq (5.14)

CLb =

∫ qobs

−∞
f(q|0)dq (5.15)

Poor compatibility with the alternative hypothesis is indicated by small values of CLs+b, while CLb very close

to one shows insufficient compatibility with the baseline hypothesis. Therefore, the combination of both
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5 Search for long-lived heavy neutral leptons

Table 5.12: Post-fit values of the normalisation factors µb and the signal strength µ used in the fit for the eight different
HNL signal models in Dirac-limit (DL) andMajorana-limit (ML) for (mN = 10GeV, cτN = 10mm).

µb(µ−µµ) µb(µ−µe) µb(µ−ee) µb(e−ee) µb(e−eµ) µb(e−µµ) µ(HNL)

1SFH (µ), DL 1.92+0.64
−0.52 2.86+1.00

−0.81 0.50+0.44
−0.28 - - - 0.00+0.16

−0.00

1SFH (e), DL - - - 0.67+0.39
−0.29 0.46+0.32

−0.22 1.01+0.60
−0.43 0.00+0.30

−0.00

2QDH (NH), DL 1.92+0.64
−0.52 3.00+0.84

−0.71 0.50+0.44
−0.28 0.67+0.39

−0.29 0.39+0.20
−0.15 1.01+0.60

−0.43 0.00+0.20
−0.00

2QDH (IH), DL 1.92+0.64
−0.52 3.01+0.85

−0.71 0.50+0.44
−0.28 0.67+0.39

−0.29 0.39+0.20
−0.15 1.01+0.60

−0.43 0.00+0.07
−0.00

1SFH (µ), ML 1.92+0.64
−0.52 3.00+0.84

−0.71 0.50+0.44
−0.28 - - - 0.00+0.33

−0.00

1SFH (e), ML - - - 0.67+0.39
−0.29 0.38+0.20

−0.15 1.01+0.60
−0.43 0.00+0.24

−0.00

2QDH (NH), ML 1.91+0.64
−0.52 3.00+0.84

−0.71 0.50+0.44
−0.28 0.67+0.39

−0.29 0.39+0.20
−0.15 1.01+0.60

−0.43 0.00+0.22
−0.00

2QDH (IH), ML 1.92+0.64
−0.52 3.00+0.85

−0.71 0.50+0.44
−0.28 0.67+0.39

−0.29 0.39+0.20
−0.15 1.01+0.60

−0.43 0.00+0.08
−0.00

confidence levels determines whether we have a strong exclusion (CLb ≈ 0.5, very small CLs+b) or a strong

confirmation (CLb → 1, CLs+b ≈ 0.5) of the alternative hypothesis [211]. The CLs value is defined as the

ratio between the signal-plus-background confidence level and the background-only confidence level:

CLs =
CLs+b

CLb
(5.16)

Normalising the observed confidence level for the alternative hypothesis CLs+b to the background-only con-

fidence level CLb allows obtaining reasonable exclusion limits on the signal strength even when the observed

number of events very low such that the Gaussian approximation per bin does not apply [211, 212].

Finally, the 95% confidence limit on the signal strength can be found by solving the equation:

CLs(µLimit) = 0.05 (5.17)

We exclude a simulated signal sample if the corresponding limit on the signal strength is below one:

µLimit(mN , cτN ,model) < 1 (5.18)
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(a) pre-fit
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(b) post-fit

Figure 5.42: Pre-fit and post-fit HNL mass histograms of mN = 10 GeV, cτN = 10 mm HNL signal samples
in the two quasi-Dirac normal hierarchy (2QDH (NH)) HNL model in the Majorana limit (including
LNC and LNV decays) and the data-driven background estimate for signal and control regions (SR, CR)
and all contributing analysis channels. The signal and background expectation is fitted to the observed
data (black points). In the combination of all channels, only a single bin is used for the signal regions
(mHNL ∈ [0, 20] GeV) and control regions (mHNL ∈ [20, 50] GeV). After the maximum likelihood fit
(post-fit), the best-fit value for the signal strength is zero, and red dash-dotted lines indicate the pre-fit signal
expectations. The black hashed area indicates the combined uncertainties on signal and background expec-
tations. The significance of the deviation between expectation and observed data is shown at the bottom of
the histograms [216]. The systematic uncertainties in each channel are fully correlated between the signal
and control region. Each channel has a free-floating normalisation factor to scale the post-fit background
(summarised in table 5.12 together with the post-fit value of the signal strength).
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5 Search for long-lived heavy neutral leptons

5.10.2 Channel combinations and maximum likelihood fit

Figure 5.42 shows an example combination histogram for the HNLmass in the signalmHNL ∈ [0, 20]GeV

and control mHNL ∈ [20, 50] GeV regions for the 2QDH (NH) HNL model (mN = 10 GeV, cτN =

10mm) in theMajorana limit that takes all six analysis channels into account. The signal region selection has

been defined in section 5.6.3, and the control region selection in section 5.6.5. The pre-fit histogram shows

the expected HNL signal, the data-driven background estimate, and the total uncertainty as filled areas. The

black points are the observed opposite-sign data. We use only one bin for the signal regions and one bin for

the control regions due to the low number of expected events. For most bins, the significance Z to observe

n events is within ±2σ, given a prediction of (S + B) and the total uncertainty on the prediction. The

significance is calculated following the recommendation in ref. [216].

The post-fit histogram in fig. 5.42 shows no significant (Z < ±2σ) deviation between expectation and

observed data. Additionally, we can see that the post-fit value for the signal strength µ is zero. A summary

of all normalisation factors for all eight signal models is given in table 5.12. Similar histograms are created for

each point in (mN , cτN ). The best-fit value for the signal strength is zero for all mass-lifetime points for the

probed signal models. All final histograms for the eight models and the (mN = 10 GeV, cτN = 10 mm)

sample are listed in fig. 5.45 before and in fig. 5.46 after the maximum likelihood fit.

The ranking plot (see fig. 5.43) shows the effect of the 15most impactful nuisance parameters on the signal

strength and corresponds to the maximum likelihood fit in fig. 5.42. Nuisance parameters here are the nor-

malisation factors on the data-driven background estimate for each analysis channel µb(α− βγ), systematic

uncertainties, and gamma factors for the statistical uncertainty for each bin. The list in the ranking plot then

starts with the nuisance parameter with the highest impact (∆µ) on the post-fit value of the signal strength

µ. Those pre-fit and post-fit impacts on the signal strength are shown on the upper axis of fig. 5.43. Four fits

are required for each row of the ranking plot, while the specific nuisance parameterΘ is fixed to the following

values: 1. post-fit value plus pre-fit uncertainty (Θ = Θ̂ + ∆Θ), 2. post-fit value minus pre-fit uncertainty

(Θ = Θ̂ − ∆Θ), 3. post-fit value plus post-fit uncertainty (Θ = Θ̂ + ∆Θ̂), and 4. post-fit value minus

post-fit uncertainty (Θ = Θ̂ − ∆Θ̂). The impact on the signal strength∆µ is then calculated for each of

the four nuisance parameter variations by taking the difference to the nominal fit value for the signal strength

µ. In fig. 5.42, the pre-fit impact for the displaced-vertex background systematic uncertainty in the µ−µµ
channel is large compared to the other nuisance parameters, which is why the other impacts are not visible at

this scale.

The normalisation factors µb(α− βγ) and γ factors are, by definition, centred at one in the ranking plot,

while systematic uncertainties are centred at zero. The fit can compensate for deviations between expected

and observed data yields in the different bins by assigning new central values (Θ̂) to the nuisance parameters,

which is called a pull (Θ̂−Θ0), whereΘ0 are the initial central values for the nuisance parameters. The pull

of each nuisance parameter is shown in fig. 5.43 on the lower axis normalised to its pre-fit uncertainty∆Θ.
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5.10 Statistical interpretation

Figure 5.43 shows that the normalisation factors and the displaced vertex uncertainty on the data-driven

background estimate have themost considerable impact on the signal strength. Also, the background normal-

isation factor for the µ−µµ channel µb(µ−µµ) has the largest pull to compensate for the pre-fit deviation

between background and observed data in the µ−µµ control region (see fig. 5.42). The anti-correlation be-

tween the signal and control region and the size of the displaced vertex uncertainty on the background for

the µ−µµ channel compensates for the resulting deviation in the signal region. Anti-correlation here means

that the displaced vertex systematic uncertainty on the background shifts the nominal value down by 78.5%

in the signal region and up by 50.4% in the control region for the+1σ variation. This can be seen in fig. 5.44.

Hence, the slight pull on the µ−µµ displaced vertex background uncertainty in the ranking plot (fig. 5.43)

and the high pre-fit impact on the signal strength that is so large that other colour bars appear to be zero. Both

effects lead to a very good post-fit agreement in the µ−µµ channel between expectation and observation in

fig. 5.42. Those ranking plots have been done for all mass-lifetime points and analysis channels in all eight

HNLmodel interpretations. None of them show unexpected nuisance parameter pulls.
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5 Search for long-lived heavy neutral leptons

Figure 5.43: Shown here is the ranking plot generated by TRExFitter [210] that lists the 15 most impactful nuisance
parameters Θ ordered by their post-fit impact on the signal strength µ, marked as∆µ on the upper axis,
when varying the post-fit values of the nuisance parameters by their post-fit uncertainties Θ̂ ± ∆Θ̂. The
same variation is done with the pre-fit uncertainties Θ̂ ± ∆Θ to determine the pre-fit impact on µ (see
text). The lower axis shows each nuisance parameter pull Θ̂−Θ0 from the initial valueΘ0 normalised to
its pre-fit uncertainty∆Θ. The ranking plot corresponds to the fit shown in fig. 5.42 of a (mN = 10GeV,
cτN = 10mm) sample in the 2QDH (NH)model. The pre-fit impact of the displaced-vertex background
systematic on the signal strength µ is very high compared to the other nuisance parameters, so their impact
is not visible in the plot.
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(a) signal region µ−µµ

(b) control region µ−µµ

Figure 5.44: Single-binHNLmass histogramof the data-driven shuffled background estimate (section 5.7.2) in the final
signal region (onebin,mHNL ∈ [0, 20]GeV) and control regionbinning (onebin,mHNL ∈ [20, 50]GeV)
for the µ−µµ analysis channel. The black histogram shows the nominal data-driven background estimate
(no shapemodification to the nominal value of the background estimate has been applied; therefore, ’origi-
nal’=’modified’=nominal). The red and blue histograms indicate the symmetrised displaced vertex system-
atic uncertainty for±1σ (section 5.9.2). The deviation of the systematic uncertainty in% from thenominal
background estimate is shown at the bottom of each plot. The systematic uncertainties in the background
estimate are fully correlated between the signal and control region. Similar plots for the remaining analysis
channels are listed in figs. A.5 and A.6.
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Figure 5.45: Listing of the pre-fit histograms for the eightHNLmodels inDirac (LNCdecays only) andMajorana-limit
(LNC and LNV decays). Detailed description in fig. 5.42.
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Figure 5.46: Listing of the post-fit histograms for the eight HNL models in Dirac (LNC decays only) and Majorana-
limit (LNC and LNV decays). Detailed description in fig. 5.42.
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5.10.3 Exclusion limits

Since no excess of events above the background prediction is observed, we go ahead and set 95% confidence

limits in the HNL coupling constant versus mass plane. To do this, we must test each signal sample, parame-

terised bymN and cτN , using the CLsmethod (section 5.10.1) against the background-only hypothesis. The

95% confidence limit on the signal strength µLimit can be found by solving eq. (5.17), which in turn requires

calculating the confidence levels CLs+b and CLb for different values of µ (eqs. (5.14) and (5.15)). For each

value of µ, both probability density functions f(q|µ) and f(q|µ = 0) of the test statistic qµ need to be cre-

ated numerically in TRExFitter using 10k toy MC experiments. We create the function CLs(µ) from 10

differentµ values for each (mN , cτN ) point to determineµLimit. Figure 5.47 shows the calculated confidence

levels for a (mN = 10 GeV, cτN = 10 mm) sample in the 2QDH (NH) model in the Majorana limit. In

total, we must run 10k times ten times two (=200k) pseudo experiments for each point in (mN , cτN ), anal-

ysis channel, and signal model to create the probability functions needed for the confidence level calculation.

The calculation has been parallelised on several computing nodes as outlined in section A.6 to be done in a

reasonable timescale.

TheHNL signal samples are generated for three differentmean decay lengths cτN and ten differentmasses

mN to probe the relevant space in the HNL coupling versus the HNL mass plane. Figure 5.48 summarises

the grid points that undergo the hypothesis testing in the coupling versusmass plane. For very lowmean decay

lengths (cτN=0.1 mm) and very high mean decay lengths (cτN=1000 mm), we expect the signal acceptance

to be zero because of the applied displaced vertex selection, especially the fiducial volume requirement 4 <

rDV < 300 mm, and the very low cross-section at high mean decay lengths (σ ∝ |U |2 ∝ 1/cτN ). The

mDV > 2GeV requirement for all channels leads to zero signal acceptance for all sampleswithmN ≤ 2GeV.

Therefore, dummy points are added in the coupling versus mass plane where µLimit = 100 to reflect the

absence of sensitivity (blue squares in fig. 5.48). Green squares in fig. 5.48 show the tested (mN , cτN ) points,

and red circles mark points that are excluded because their limit on the signal strength is below one.

Now, technically, we get six different limits on the signal strength: One observed limit, one expected limit,

two limits for the ±1σ variation of the expectation, and two limits for the ±2σ variation of the expecta-

tion. To obtain the final exclusion contour, we perform cubic spline interpolations of the limits on the signal

strength to find the contours in the HNL coupling versus mass plane where µLimit = 1. Figure 5.49 shows

an example interpolation for the expected 95% confidence limit on the signal strength for the 2QDH (NH)

model in theMajorana-limit. The result of the cubic spline interpolation is colour-coded between 0 < µ < 5

to highlight the relevant range around µ = 1. The black line shows the expected 95% confidence limit for

µLimit = 1. The six cubic spline interpolations are combined in fig. 5.50 to the exclusion limit plot that shows

the expected and observed 95% confidence limits for the 2QDH (NH) model in the Majorana-limit. The re-

gion within the contour is excluded, and the observed limit agrees within ±1σ with the expectation. The
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5.10 Statistical interpretation

exclusion limit contours for the seven other HNL models show very good agreement between observation

and expectation as well. Those limit contours are listed in fig. 5.51.

Figure 5.52 compares the observed and expected 95% CL contours of the 1SFH(µ) model in Dirac-limit

with the 95% CL contour already set in 2019 by ATLAS using only L = 32.9 fb−1 of the LHC Run2

dataset [159]. The limit on the total coupling |U |2 set by DELPHI [158] is also shown in fig. 5.52. We see

a significant improvement in the observed 95% CL contour set in this work compared to the 2019 ATLAS

result in the coupling versus mass region below the DELPHI limit. Differences on the top (low mass, high

coupling) of the two ATLAS contours stem from a different background estimation technique in the 2019

search, where a less stringent heavy-flavour decay veto was applied. The number of observed events in the

signal region of the 2019 search has been too low to observe any background from metastable SM particle

decays above rDV > 4 mm andmDV > 4 GeV. The channel-specific heavy-flavour decay veto causes the

meander-like shape of the exclusion contours set in this work at lowHNLmasses and high couplings because

of the selection that depends both on rDV andmDV (see section 5.6.3).

All eight observed 95% exclusion limits are summarised in fig. 5.53. The form of the exclusion limit con-

tours is shaped by the lower bound on the displaced vertexmassmDV > 2GeV that sets the sensitivity to zero

formN ≤ 2GeV and the fiducial volume requirement of the displaced vertex radius 4 < rDV < 300mm

that is responsible for a closed contour at high coupling values (low lifetimes) and that limits the sensitivity to

very low coupling values (high lifetimes).

It is very challenging to probe the highmass, long lifetime area of the coupling versusmass plane because the

production cross-section of theHNLdrops with about 1/m5
N for increasingHNLmass andwith 1/cτN for

increasing lifetime (lower coupling values). Due to the limited size of the inner tracking detector in ATLAS,

the sensitivity for long-lived HNLs (cτN ≈ 1 m) is low since we only see a small part of the exponential

distribution of the particle decay.

The strongest limits are observed for the 2QDH (IH) model, where we have equal contributions from all

three lepton flavours (xe = 0.33, xµ = 0.33, xτ = 0.33), which combines the sensitivities of themuon and

the electron sector. Similarly, the sensitivity of the 2QDH (NH) model is mostly driven by the muon sector

(xe = 0.06, xµ = 0.48, xτ = 0.46) since we have no sensitivity to taus. We see an offset of the observed

limit contours between the 1SFH and 2QDHmodels for large couplings because of the different number of

HNLs involved that cause an additional factor in the total coupling calculation (section 5.3). Only for the

1SFHmodels in the Dirac-limit, we can reduce the background by a factor of twowithout affecting the signal

selection efficiency by requiring the prompt and displaced lepton to have opposite-charge (see section 5.6.3),

which improves especially the observed 1SFH(µ) contour in the Dirac-limit compared to theMajorana-limit.

A separate study summarised in section A.7 reveals that systematic uncertainties are not the limiting factor

in this search. The expected 95% confidence limits have been calculated twice for all eight signal models, once

with and once without including the systematic uncertainties in the final maximum likelihood fit. Statistical

uncertainties are included in both cases. Adding the systematic uncertainties has very little impact on the
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5 Search for long-lived heavy neutral leptons

Figure 5.47: Different confidence levels (CLb: background only, CLs+b: signal plus background, and CLs =
CLs+b/CLb) as a function of signal strength µ = σ/σtheory for the 2QDH (NH) model in Majorana-
limit. All confidence levels in the final limits are calculated using 10k toy MC experiments. This plot was
created with 1k toy MC experiments per µ value for each confidence level CLb and CLs+b. Shown here is
a (mN = 10GeV, cτN = 10mm) signal MC sample. CLs(µ) = 0.05marks the 95% exclusion limit on
the signal strength µ. The expected limits on µ and their confidence bands are marked on the bottom of
each plot.

expected 95% confidence limits. The low expected and observed data yields in the final fit and the minor

impact of the systematic uncertainties lead to the conclusion that the sensitivity is mainly statistically limited.

This analysis is the first-ever collider search for displacedHNLs that reports the exclusion limits in realistic

physics models such as the 2QDHmodel. The differences in observed limits show the importance of a model

interpretation that agrees with the claims made in the introduction. Only models that contain at least two

HNLs can give rise to the observed neutrinomass hierarchies or the baryon asymmetry in our universe. These

observations can’t be explained by a single HNL that couples only to one lepton flavour.
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5.10 Statistical interpretation

Figure 5.48: Coupling constant versus mass grid for the 2QDH (NH)model in theMajorana-limit. Points that are run
through the TRExFitter framework (tested points) are marked as green squares. Points associated with
a signal strength µ < 1 are excluded from the coupling constant versus the mass plane and marked by a
red circle (expected exclusion). The light blue squares without associated signal MC samples (top row of
each plot) correspond to a mean lifetime of 0.1 mm. For those, we assume a signal content of zero because
of the fiducial volume requirement 4 < rDV < 300 mm. Similar dummy points are added for 2 GeV
(1 mm, 10 mm, and 100 mm lifetime). Here, the acceptance will be zero because of the displaced vertex
mass requirement. At lifetimes of 1000 mm, the signal acceptance is zero and dummy points are included
for masses of 3, 4, 4.5 and 5 GeV. Each hypothesis test has been performed using 10k toyMC experiments.
Themass lifetime points (3GeV, 1mm) and (4GeV, 1mm) in this particular example do not have any signal
acceptance in all six channels and are treated as dummy points.
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5 Search for long-lived heavy neutral leptons

Figure 5.49: Shown here is the cubic spline interpolation of the associated signal strength values to each tested point
in the HNL coupling constant versus mass plane for the 2QDH (NH) model in the Majorana-limit. The
annotation on each of the tested mass-lifetime points shows the expected limit on the signal strength µ.
The coloured contours show the interpolated expected limit on the signal strength between zero and five
to underline the quality of the spline interpolation in the region of interest.

Figure 5.50: The cubic spline interpolation on the limits on the signal strength values for the different mass lifetime
points (as in fig. 5.49) is performed six times to obtain the expected and observed exclusion contours in
the HNL coupling constant versus mass plane. The region within the contour is excluded, assuming the
2QDH (NH)HNLmodel in theMajorana limit. We can see that the observed 95% confidence limit (solid
black line) agrees within±1σ with the expectation (dashed black line).
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Figure 5.51: Listing of the observed and expected 95%CL contours for the eight different HNLmodels in the coupling
versus mass plane.
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Figure 5.52: Shown here are the observed and expected 95% CL contours for the 1SFH(µ) model in the Dirac-limit
(xe = 0, xµ = 1, xτ = 0) compared to the DELPHI limit [158] on the total coupling |U |2 and the limit
previously set by ATLAS in the first displacedHNL search [159]. The regions within the observed ATLAS
contours and those above the DELPHI limit are excluded.
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Figure 5.53: Summary of the observed 95% CL contours for the eight different HNL models in Dirac (LNC decays
only) andMajorana-limit (LNC and LNV decays) in the HNL coupling versus mass plane.
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6 Ongoing search for long-lived heavy

neutral leptons

Figure 6.1: Title slide of the analysis kickoffmeeting inMarch 2022 that marks the start of the ongoing search for long-
lived heavy neutral leptons.

After finalising the search for long-lived heavy neutral leptons (HNLs) presented in chapter 5, we started

a new search campaign for long-lived HNLs in March 2022 (fig. 6.1) that is ongoing at the time of writing

this thesis. With the lessons learned from the published analysis discussed in chapter 5, we started with new

ideas, a new strategy, new teammembers, andme as one of the two analysis contacts whomanage the analysis.

Among these new ideas are improvements in large radius tracking, the analysis selection, the addition ofRun3

data, a new method for deriving the random track crossing estimate, the addition of the semileptonic HNL

decay and SM backgroundMC simulations for the lowmDV mass region, and the exploration of novel, MS-

only vertexing techniques. In this chapter, I’ll outline those ideas and plans without showing results, as the

studies are ongoing and preliminary. We aim to have a first publication draft by Summer 2024 in the current

analysis timeline.
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6 Ongoing search for long-lived heavy neutral leptons

6.1 Improvements in large radius tracking

In the ongoing analysis, we benefit from substantial improvements in the large radius tracking algorithm

(LRT) [217]. Figure 6.2 summarises the reduction in CPU time and disc space per event as a function of the

mean number of interactions per bunch crossing µ compared to the previous (legacy) version of LRT. The

new LRT algorithm significantly reduces low-quality and fake track candidates early in the reconstruction

chain. Also, themaximum |z0| of the input tracks is reduced from 1500mm to 500mm, themaximum track

|η| is reduced from 5 to 3, and the minimum track pT is increased from 900MeV to 1 GeV compared to the

previous version of LRT (section 4.4.1).

The previous LRT version was computationally too expensive to be run in the main reconstruction chain.

Instead, a so-called DRAW filter must be applied to select signal-like signatures from all data events. In the

end, only about 10% of all recorded data events were passed on to the LRT algorithm (see fig. 5.17). The

DRAW filter step was responsible for a significant reduction in signal selection efficiency (up to factor two,

as shown in table 5.5). In the new software release and thanks to the improvements in LRT, we can pass on

all data events to the dedicated displaced reconstruction, as shown schematically in fig. 6.3. LRT is part of the

standard ’prompt’ reconstruction chain, and themodified secondary vertex reconstruction algorithm tailored

to the needs of our analysis is part of a dedicated derivation for long-lived particle searches called LLP1.

The analysis framework, as shown in fig. 6.3 (ntuple, micro ntuple production and the statistical analysis),

needed considerable changes to run in the new software release due to changes in algorithmhandling and data

structure.

6.2 A new analysis channel

The two-body semileptonic channelwas not included in theprevious analysis. Theoff-shellW±∗ in theHNL

decay can also decay hadronically in qq̄. Both quarks can form a bound state, such as a charged pion. The

particular two-body semileptonic HNL decay, with the HNL decaying into a charged lepton and a charged

pion, is shown in fig. 6.4. In general, all semileptonic HNL decays dominate the branching ratio. At the

time of writing, we limit our tests to the two-body semileptonic HNL decays that involve a charged pion,

forming the analysis channels µ − µπ and e − eπ. Once those tests are successful, we would also include

the mixed coupling channels µ − eπ and e − µπ. Figure 6.5 shows the branching ratios for leptonic HNL

decays and two-body semileptonic HNL decays as a function of HNL mass in the 2QDH(IH) model. The

two-body semileptonic branching ratios are very low for masses abovemN > 4 − 5 GeV compared to the

leptonic branching ratio, whichmakes those decay channels primarily engaging in the lowHNLmass regime.

But this is not necessarily a problem because the low-mass region with mN > 2 GeV and a coupling of

about |Uµ|2 ∼ 10−5 is still an uncovered white space in the exclusion limit summary plot (fig. 5.2). In any

case, entering this low HNL mass region 2 < mN < 5 GeV would require an update to the background
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(a) CPU

(b) disc space

Figure 6.2: The (a) processing time taken per event to reconstruct the same data events and (b) event size of the LRT
reconstruction output versus average pileup, comparing the legacy LRT (R21) and updated LRT (R24)
reconstruction software. The high average pileup regime (open markers) indicates data events from a 2018
machine development run that is not included in the good run lists (GRL). Figures and caption are taken
from ref. [217].
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6 Ongoing search for long-lived heavy neutral leptons

Figure 6.3: Schematic illustration of the analysis framework and reconstruction chain. The light pink boxes show the
standard reconstruction optimised for prompt objects, resulting in the AOD (analysis object data) format.
In the new software release (R24), large radius tracking is already included in the standard reconstruction
chain. A derivation step reconstructs the required secondary vertices, resulting in the DAOD_LLP1 format.
The green boxes show the dedicated long-lived particle workflow. The calculation of analysis-specific vari-
ables and most of the event selection is made at the n-tuple/micro-n-tuple steps. The final step marks the
statistical analysis where the final histograms will be produced, exclusion limits set, or the discovery made.
The differences between the software releases can be seen by comparing this schematic with fig. 5.17.
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6.2 A new analysis channel

Figure 6.4: Feynmandiagrams of the two-body semileptonic signature currently tested in the ongoing search. TheHNL
N is assumed to be produced viaW boson decay and then decays itself into a lepton lβ and a charged pion
π± via an off-shellW ∗ (charged current). Depending on the model, lepton number conserving (LNC, left)
and lepton number violating (LNV, right) decays are considered. Equivalent processes with an initialW−

are valid as well.

(a) leptonic (b) semileptonic

Figure 6.5: Branching ratios (BR) for the 2QDH(NH) (xe = 0.06, xµ = 0.48, xτ = 0.46) model as a function
of HNL mass for the leptonic (a) and two-body semileptonic decay channels (b). The neutrinos in the
branching ratios include all neutrino flavours [188].
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estimation and reduction strategy of the previous analysis, where the heavy flavour veto excluded this region

entirely or parts of it, dependent on the analysis channel. We aim to estimate the expected data yields in the

low-mass region using MC simulations of possible SM background processes and a low-mass extension of

the data-driven background estimate for random track crossing background. Now, one could argue that the

high expected SM backgrounds in this region and the low branching ratios would diminish the significance

of the signal and make the two-body semileptonic channel not worthwhile to include. But the two-body

semileptonic channel holds one last trump: the expected sharp peak in the invariant mass of the displaced

vertex in signal without the need to reconstruct the HNLmass via theW boson spectra as it was done in the

previous analysis. CMS already has public results of a semileptonic analysis using a different strategy, where

the twoquarks formone or two jets instead of a bound state but did not reach the desiredwhite space region in

themass-coupling space [218].Wedonot have sensitivity estimates yet for the two-body semileptonic channel.

6.3 Data-driven background estimate

The efforts of improving the data-driven random track crossing estimate are twofold. First, we rotate tracks

in an event to create artificially displaced vertices that would fit our selection criteria. Second, we re-apply

the object shuffling method from the previous analysis (section 5.7.2) using the artificially displaced vertices

from the track rotation method and prompt leptons from same-sign events as input. The track rotation and

artificial vertex finding are done on the analysis level using the VSI algorithm without the need to rerun the

derivation step. The validation of the method is ongoing.

6.4 Muon spectrometer vertexing

Finally, improving the reconstruction efficiency for long-lived particles requires out-of-the-box thinking.

CMS (see ref. [219]) has done that in a very literal way by simply looking at energy deposits in the muon

spectrometers without doing any secondary vertexing and got very close to the desired white space region

(mN > 2 GeV, |Uµ|2 ∼ 10−5). The energy deposits in the CMS muon spectrometers are caused by

hadronic and electromagnetic showers from the decay products of HNLs that decay within the muon

system, interacting with the steel shielding material of the muon detectors. We can not do the same in

ATLAS because we do not have the iron plates in front of the muon chambers as CMS does, which could

cause the required showers from theHNLdecay products. Instead, we follow a different strategy as illustrated

in fig. 6.6. A dedicated MS vertex algorithm would extend the MS tracklets and try to perform a vertex fit.

The MS vertexing technique has already been used in the ATLAS search in ref. [220] and is currently being

adapted to the HNL analysis needs. Those MS vertices could be outside the inner tracker and develop the

sensitivity to displaced vertices beyond the usual limit of the first SCT layer (rDV ∼ 300 mm). Extending

the reconstruction efficiency to higher HNL lifetimes would push the sensitivity to lower coupling values.
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Figure 6.6: Schematic illustration of the idea to reconstruct displaced vertices using only information from the muon
spectrometer (MS). A possible bending of the tracks due to the magnetic field in the ATLAS detector is
neglected in this sketch.

6.5 Data andMC simulation samples

Adding LHCRun3 data that, by the time of writing, involves the years of data taking 2022 and 2023 would

add an integrated luminosity of 66 fb−1 at
√
s = 13.6 TeV to the available statistics. Figure 6.7 shows

the mean number of interactions per bunch crossings for LHC Run 1-3 and the cumulative luminosity as

a function of time. In Run3, the pileup conditions (interactions that happen in the same bunch crossing)

are harsher than they have been for Run2. The increase in the luminosity of Run2 + Run3 would mean an

increase of expected signal events by about 1.5 compared to Run2 only.

The Run2 and Run3 leptonic samples are generated with MadGraph5_aMC@NLO 3.3.1 in the

HeavyN model [195–197]. The Pythia 8.307 event generator [144] with the A14 tune [191] and the

NNPDF2.3lo PDF set [192] is used for showering and the particles are propagated through the ATLAS

detector using Geant4 [145]. Using MadGraph5_aMC@NLO directly from the beginning avoids the

additional spin-correlation reweighting (section 5.4.5). Compared to the previous analysis, we extend the

mass-proper decay length grid we probe in signal tomN = [1, 2, 3, 4, 5, 7.5, 10, 12.5, 15, 17.5, 20] GeV

and cτN = [0.1, 1, 10, 100, 1000] mm. For the semileptonic samples, we are still in the testing and

validation phase. At the time of writing, we useMadGraph5_aMC@NLO 3.3.1 with the matrix element

calculated in leading order in the HeavyN model to generate µ − µπ and e − eπ test samples with

mN = [2, 3]GeV and cτN = [100, 1000]mm.
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(a)mean number of interactions/bunch crossing

(b) cumulative luminosity Run3

Figure 6.7: a) Luminosity-weighted distributions for the LHCRun 1-3 of the mean number of interactions per bunch
crossing. b) Cumulative luminosity versus time delivered to (green) and recorded byATLAS (yellow) during
stable beams for pp collisions at 13.6 TeV centre-of-mass energy in LHC Run 3 (2022-2023). Figures and
caption are taken from ref. [221].
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7 Summary

The search campaign for hypothetical, long-lived, right-handedMajorana neutrinos, or heavy neutral leptons

(HNLs), in the ATLAS experiment at the LargeHadronCollider (LHC) at CERN is presented. HNLs with

masses below the electroweak scale can give rise to neutrino masses, the observed abundance of matter over

antimatter after the Big Bang, and they can serve as dark matter candidates.

In the published search for long-lived HNLs, we analysed the full LHC Run2 proton-proton collision

dataset recorded between 2015 and 2018with a centre-of-mass energy of 13 TeV and an integrated luminosity

of 139 fb−1. No signal is observed, and exclusion limits are set on the squaredHNL coupling values with the

left-handed neutrino states for the HNL mass range of between 3 GeV and 15 GeV. The observed exclusion

limits in the HNL coupling versus mass plane agree within ±2σ with the expected exclusion limits, which

confirms the correctness of the number of expected events.

The HNLs are produced inW boson decays with a charged lepton and decay further into two charged

leptons and aneutrino. Because of their small coupling, theHNLs are long-lived anddedicated reconstruction

algorithms are needed to reconstruct tracks and secondary vertices that are significantly displacedwith respect

to the beamline. The objects reconstructed in each event are the charged lepton from theW boson decay

and the two oppositely charged leptons from the HNL decay that form a two-track displaced vertex. Even

though the neutrino from theHNLdecay is invisible to the detector, we can reconstruct theHNLmass using

momentum conservation from the three reconstructed leptons and the information we have about theW

mass distribution. The reconstructedHNLmass is then used to discriminate between signal and background.

Because most of the heavy flavour standard model background is short-lived, we can use a set of selection

criteria to reduce the background from standard model particles to a negligible level. The remaining back-

ground comprises displaced vertices that are falsely reconstructed from two tracks that randomly cross in the

tracker. A data-driven technique is used to estimate the random track crossing background.

For the first time, we set exclusion limits in the HNL coupling versus mass plane for both single-flavour

andmulti-flavour mixing scenarios motivated by neutrino-flavour oscillation results for both the normal and

inverted neutrino-mass hierarchies. Themodel-dependent shape of the exclusion limits shows that limit sum-

mary plots have to be read cautiously and that more experiments should report their results in real physics

multi-flavour mixing benchmark points that agree with the observed neutrino oscillation data. The bench-

mark points used in this work have been agreed upon in the feebly-interacting particles workshop 2020 at

CERN [190]. The strongest limits are observed for a quasi-Dirac pair of HNLs with highly degenerate mass
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and an equal mixing to all neutrino flavours of 1/3 of the total mixing that agrees with recent neutrino oscil-

lation data in the inverted neutrino mass hierarchy.

The ongoing search for long-livedHNLs that aims to analyse the full LHCRun2 proton-proton collision

dataset (2015-2018, 13 TeV, 139 fb−1) in the new software release and the partial LHCRun3 proton-proton

collision dataset recorded between 2022 and 2023with a centre-of-mass energy of 13.6 TeV and an integrated

luminosity of 66 fb−1 is outlined. We benefit from an improved large-radius tracking algorithm to recon-

struct the displaced HNL signatures and a more extensive set of available background simulations. Using

background simulations with an enhanced data-driven background estimate allows us to tackle the lowHNL

mass region below 5 GeV, primarily excluded in the published analysis. In addition to the leptonic HNL de-

cay, we continue our efforts to include the two-body semileptonic HNL decay into a charged lepton and a

charged pion. Due to the branching ratio, the two-body semileptonic HNL decay would benefit the sensi-

tivity in the lowHNLmass region below 5 GeV. A second benefit of the two-body semileptonic HNL decay

is the sharp mass peak in the invariant mass of the reconstructed displaced vertex, as both the charged lepton

and the meson can be reconstructed. Additionally, we aim to increase the sensitivity to long-lived HNLs that

decay outside the inner tracker by exploring a muon spectrometer-only vertexing technique. No results are

shownbecause the search is ongoing at the time ofwriting. We aim to have a first publication draft by Summer

2024.

The search campaign for long-livedHNLs is oneof the fewpioneeringdedicated long-livedparticle searches

in ATLAS. Together with the growing interest in those exotic signatures, the reconstruction algorithms and

methods will improve. Long-lived particle searches play an important role in probing physics beyond the

standard model.
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The LHC Run3 is ongoing and will be followed by the upgrade of the LHC to the High Luminosity LHC

(HL-LHC) in 2026. This upgradewill involve substantial detector upgrades for bothATLAS andCMS.The

HL-LHCruns are expected to record an integrated luminosity of 3000-4000 fb−1 of proton-proton collision

data [98]. This extensive datasetwill increase the sensitivity toHNLsearches togetherwith constantly evolving

reconstruction algorithms and analysis techniques. The inclusion of long-lived particle-specific tracking algo-

rithms in the standard reconstruction chain in ATLAS paves the way formore flexible analyses of those exotic

signatures. Moving away from the standard view that interesting physics only occurs at the main interaction

point opens upmany opportunities. The interest in so-called feebly interacting particles is growing, and ded-

icated workshops that bring theorists and experimentalists together are happening regularly at CERN [190,

223]. It is crucial for those workshops to take place and for the community to agree on standard benchmark

models to produce comparable results.

A near-future challenge would be to work on the implementation of the tau lepton channel, which has

yet to be touched on in ATLAS. Including a tau lepton channel such asW → τN andN → ττντ would

not only enable us to probe the tau sector of the HNL coupling |Uτ |2, it would also boost the sensitivities

for the Quasi-Dirac HNL model interpretation in both normal (xτ = |Uτ |2/|Utot|2 = 0.48) and inverted

(xτ = 1/3) neutrino mass hierarchies. To achieve this, the reconstruction of displaced tau leptons would

need to be implemented in ATLAS at low transverse momenta pT ≲ 10 GeV. Another challenge would

be to trigger those events, as the single tau lepton triggers in ATLAS usually start at pT ≳ O(100) GeV. A

baseline could be to continue with single electron and muon triggers, which would only cover the leptonic

tau lepton decay mode, or to use other triggers that combine signatures involving tau leptons.

The HL-LHC runs until 2040, but what comes next? The 2020 update of the European strategy for

particle physics clearly states that an e+e− Higgs factory is the highest priority for the next collider [244],

the US community study on the future of particle physics is on the same page [245]. One of those machines

could be the Future Circular Collider (FCC)-ee [246], a proposed circular electron-positron collider with a

circumference of about 100 km (90.7 km according to the overall lowest-risk baseline scenario [247]) located

next to the LHC inGeneva as shown in fig. 8.1. A final feasibility study report is expected by the end of 2025.

The FCC-ee would operate between 2045 and 2063 and could be upgraded to a
√
s = 100 TeV proton-

proton collider (FCC-hh) with an operating time between 2070-2095. The next update of the European

strategy for particle physics is foreseen for 2027 [222]. Competing options would be the proposed Circular
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Figure 8.1: A schematic map showing a possible location for the Future Circular Collider (FCC) next to the Large
Hadron Collider (LHC) at CERN. Image and modified caption are taken from ref. [222].
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Figure 8.2: Constraints from past (shaded grey areas) and proposed future experiments (coloured lines) on the HNL
coupling tomuons only |Uµ|2 as a function ofHNLmassmN . The brown type I Seesawmechanismbound
gives a lower limit on the total coupling |U |2 as a function of HNL mass to explain the observed pattern
of neutrino flavour oscillations [41, 147]. The width of the brown type I Seesaw band indicates the range
obtained by varying the lightest neutrino mass and light neutrino mass ordering. In contrast, the coloured
bands give constraints on the total coupling |U |2 as a function of HNL mass, surrounding the area that is
consistent with the Seesaw mechanism and leptogenesis for two HNLs [63, 88] (inside the blue lines) and
three HNLs [65] (inside the dark yellow lines) for the normal neutrino mass hierarchy (for vanishing (solid)
and thermal (dotted) initial HNL abundances). The sensitivity estimates are given for the main detectors
at the HL-LHC (red dotted lines) [196, 224–226] and proposed future colliders such as FCC [196, 227–
229] (FCC-hh-η for detectors in 1.5 < |η| < 2.6 that involveB decays [230]), LHeC and FCC-he [231],
CEPC [232], ILC [233, 234], and a muon collider [235]. DV refers to dedicated displaced vertex searches.
In the low-mass region, sensitivity estimates from SHiP [236, 237], MATHUSLA [238], and DUNE [239]
dominate. Additional sensitivity estimates are shown forNA62 [240], FASER2 [241] andCODEXb [242].
The light grey area on the lower left shows the Big Bang nucleosynthesis (BBN) constraint [149, 243] related
to the abundance of matter over antimatter. Figure and modified caption taken from ref. [6].
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Electron-Positron Collider (CEPC) [248] hosted by China, the International Linear Collider (ILC) [249]

hosted by Japan, the Compact Linear Collider (CLIC) [250] at CERN, the Cool Copper Collider (C3) [251]

and the Hybrid Asymmetric Linear Higgs Factory (HALHF) [252].

Another part of the European roadmap for accelerator research and development is a design study for a

muon collider [253]. Amuon collider operating atmulti-TeV energies could serve as a discovery and precision

instrument and would be an additional competing technology to a machine like the FCC. But it is essential

to develop new technologies to account for the short lifetimes of muons.

Returning toHNLs,most of thenewcollider technologieswould significantly push the sensitivity limits, as

fig. 8.2 summarises [6]. Shown are several expected sensitivity limits in the HNL coupling versus mass plane

for proposed future experiments, as well as constraints already set by past experiments. The type I Seesaw

mechanism sets lower boundaries on the smallness of the HNL coupling values that agree with the lightest

neutrino mass and the two possible neutrino mass hierarchies [41, 147]. Additional constraints surround the

area in the coupling versusmass plane that is consistentwith the type I Seesawmechanism and leptogenesis for

the case of twoHNLs (blue band in fig. 8.2 [63, 88]) and three HNLs (dark yellow band in fig. 8.2 [65]). The

bounds related to leptogenesis and the type I Seesawmechanism for twoHNLs have been detailed in fig. 3.6.

A dedicated displaced vertex search of the HL-LHC (indicated as a red dotted line with the label ’LHCDV’

in fig. 8.2) would enter the coupling versusmass region that agrees with the twoHNL leptogenesis scenario at

masses between2 ≲ mN ≲ 32GeV.TheHL-LHCwill alsopush thehighermass and coupling area limits for

prompt HNL searches. Future colliders, such as the FCC-ee or the CEPC, could reach masses up to 70 GeV

at couplings close to the Seesaw limit (for mN ≈ 30 GeV), while the proposed beam-dump experiment

SHiP would be able to probe the low mass regime 0.2 ≲ mN ≲ 6GeV, which could be extended further to

0.2 ≲ mN ≲ 20 GeV at low coupling values by experiments involvingB decays at the FCC-hh (indicated

as FCC-hh-η in fig. 8.2 [230]). The FCC-he, the ILC, the FCC-hh, and a muon collider could test the high

mass region 0.1 ≲ mN ≲ 10 TeV that would agree with leptogenesis scenarios involving three HNLs. But

even with all the proposed experiments, the entire whitespace in fig. 8.2 cannot be explored. HNLs might be

as heavy as ∼ 1014 GeV (see section 3.2); we don’t know, but we can continue searching for HNLs within

the limits of current and future experiments.

The future will be inspiring and full of new small-scale developments that could lead to discoveries. The

open and curiosity-driven mentality at ATLAS and CERN will drive me personally to continue my search

campaign for HNLs and physics beyond the standard model together with my colleagues at ATLAS.

The end.
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A Appendix

A.1 Likelihood and maximum likelihood method

A.1.1 Probability density functions

Consider a random variable x, which can be discrete or continuous. The probability prediction of x is given

by a function f(x). In the case of x being discrete, f(x) itself is a probability. For the continuous case, f(x)

has the inverse dimension of x and
∫
f(x)dx is the probability. f(x) is the probability density function

(PDF).

Poisson distribution

In a simple counting experiment, we count the number n of detected particles. They will be distributed

around the mean value ν following a Poisson distribution.

Pois(n|ν) = νn

n!
e−ν (A.1)

The standard deviation of the Poisson distribution follows with σ =
√
ν.

Gaussian distribution

Gaus(x|µ, σ) = 1√
2π
e−

1
2(

x−µ
σ )

2

(A.2)

whereµ is the mean or expectation value of the distribution, and σ is the standard deviation. To calculate the

coverage probability of the σ bands in the limit plots, the integral of the Gaussian distribution is needed

ϕ(x) =
1√
2π

∫ x

−∞
e−t2/2dt (A.3)

The cumulative density function (CDF) for the Gaussian distribution reads

F (x) = ϕ

(
x− µ

σ

)
=

1

2

[
1 + erf

(
x− µ√

2σ

)]
(A.4)
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The probability p that a normal distributed quantity is inside the interval [µ− nσ, µ+ nσ] follows with

p = F (µ+ nσ)− F (µ− nσ) = erf
[
n√
2

]
(A.5)

The statistical significance α is calculated by

α = 1− p (A.6)

Important to mention is the central limit theorem, which states that every probability density distribution of

finite variance convoluted many times with itself converges to a Gaussian probability density function [254].

A.1.2 Likelihood

The likelihood L(x|θ) gives the probability of measuring x given some parameter θ. If multiple measure-

ments xi distribute according to different probability density functions fi(xi|θ), then the likelihood is given
by

L(x|θ) =
∏
i

f(xi|θ) (A.7)

The likelihood principle states that the likelihood function contains all information relevant for themeasure-

ment [254].

A.1.3 Maximum likelihood method

Let us assume the measurements x depend on a set of unknown parameters θ. The values θ̂ for which the

likelihood function L(x|θ) has a global maximum are called maximum likelihood estimate (MLE). To find

the global maximum of the likelihood function, it is often convenient to use the negative logarithm of the

likelihood function

− lnL(x|θ) = −
∑
i

ln f(xi|θ) (A.8)

A necessary condition for the minimum of the log-likelihood function follows with

−∂ lnL(x|θ̂)
∂θj

= 0 (A.9)

where normalised probability density functions have to be used to build the likelihood such that∫
L(x|θ)dx1dx2 · · · = 1 (A.10)

This minimisation is usually done numerically by frameworks like MINUIT [255]. After the maximum likeli-

hood function has been found, the values for the previously unknown parameters θ̂ can be assigned. Since
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the parameters θ̂ are found at the global maximum of the likelihood function, they represent the most likely

set of parameters [254].

A.2 HNLmass calculation

This section is mainly taken from our PRL paper [10].

The HNLmass (mHNL) can be obtained using energy-momentum conservation in the HNL production

(W → N ℓ1) and decay (N → ℓ2ℓ3ν), where ℓ1 is the prompt lepton and ℓ2 and ℓ3 are the charged leptons

in the DV. The problem can be summarised with the following equations. Four-momentum conservation in

theN decay gives

pµN = pµ2 + pµ3 + pµν ≡ pµ23 + pµν . (A.11)

Four-momentum conservation in theW decay gives

pµW = pµ1 + pµN = pµ1 + pµ23 + pµν . (A.12)

and we define

p223 = E2
23 − |p⃗23|2 ≡ m2

23

p
∥
23 ≡ p⃗23 · v̂

p⊥23 ≡ |p⃗23 − p
∥
23v̂|

wherem,E, and |p⃗| are themass, energy, andmomentum-vectormagnitude of the particles indicated by their

subscript and v̂ is the flight direction of the HNL given by the vector connecting the PV and DV.

The solution to the HNL mass is presented in the coordinate system k = (x̂′, ŷ′, ẑ′), which is rotated

relative to theATLAS coordinate system, such that the origin of thek-frame is at the PV and the z′-axis points

along the flight direction of the HNL. The definition of this coordinate system is

ẑ′ = v̂, x̂′ =
p⃗23 × ẑ′

|p⃗23 × ẑ′|
, ŷ′ = ẑ′ × x̂′.

The momenta of ℓ2 and ℓ3 constrain the components of the neutrino momentum orthogonal to p⃗N . This

means that energy-momentum conservation in theW and N decays can be expressed in terms of one un-
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known variableα, which is the component of neutrinomomentum in the ẑ′ direction. To express eqs. (A.11)

and (A.12) in terms of α, the following quantities are defined

p⃗′23 ≡ q⃗ (A.13)

q⃗ = (0, |p⃗23 × ẑ′| ≡ q⊥, p⃗23 · ẑ′ ≡ qz) (A.14)

p⃗′ν = (0, −q⊥, α) (A.15)

E′
ν =

√
q2⊥ + α2. (A.16)

Squaring eq. (A.12) gives

p
′2
W = m2

W = m2
1 +m2

ν +m2
23 + 2p′1 · (p′23 + p′ν) + 2p′23 · p′ν (A.17)

where

p′1 · (p′23 + p′ν) = E′
1(E

′
23 + E′

ν)− p′1,z(qz + α)

p′23 · p′ν = E′
23E

′
ν + q2⊥ − qzα.

In the energy regime of interest, the charged leptons and neutrino can be treated as massless particles, such

thatm1 = mν = 0. Rearranging eq. (A.17) to solve forEν gives

E′
ν = A+Bα (A.18)

where

A =
(m2

W −m2
23)/2− E′

1E
′
23 + p′1,zqz − q2⊥

E′
1 + E′

23

, B =
p′1,z + qz

E′
1 + E′

23

Subtracting eq. (A.18) from eq. (A.16) gives the following quadratic expression in α

(B2 − 1)α2 + 2ABα+A2 − q2⊥ = 0.

The solution for α is therefore

α =
−AB ±

√
(B2 − 1)q2⊥ +A2

(B2 − 1)
. (A.19)

Both solutions for α were studied using simulated HNL events, and it was noted that the solution that led

to a smaller |p⃗N | typically led to a value formHNL that was closer to the simulatedmN . This solution often
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corresponded to the forward emission of the neutrino concerning the HNL decay. Therefore, the definition

ofmHNL in the analysis uses the solution with the positive radical.

The expression for α in eq. (A.19) depends onmW . ATLAS has measured theW -boson pole mass to be

MW = 80.370 ± 0.019 GeV [256]. This measurement is combined in Ref. [257] with results from other

collider experiments to provide ameasurement of theW -bosonwidth,ΓW = 2.195±0.083GeV. Since the

W mass has a width, ifmW = MW in eq. (A.19), there may be no real solution for α. Instead of rejecting

these events, mW is set equal to the medianW mass in the kinematically allowed region (mW,med). This

ensures that α (and correspondinglymHNL) always has a real solution.

To define the kinematically allowed region, the minimum W mass that is consistent with the charged-

lepton decay products (mW,min) is computed. From eq. (A.17), the mass of theW boson is given by

m2
W = m2

23 + 2
(
E′

1E
′
23 + E′

ν(E
′
1 + E′

23)− p′1,zqz + q2⊥ − α(p′1,z + qz)
)

(A.20)

andmW,min occurs where

d(m2
W /2)

dα
= (E′

1 + E′
23)

dE′
ν

dα
− (p′1,z + qz) = 0. (A.21)

Using

dE′
ν

dα
=
d
√
q2⊥ + α2

dα
=

α

E′
ν

in eq. (A.21), the chosen value of α that gives the minimummW is

α =
q⊥B√
1−B2

. (A.22)

Substituting eq. (A.22) into eq. (A.20), the minimumW boson mass is

m2
W,min = m2

23 + 2

E′
1E

′
23 + (E′

1 + E′
23)

√
q2⊥ +

q2⊥B
2

1−B2
− p′1,zqz + q2⊥ − (p′1,z + qz)

q⊥B√
1−B2

.
The cumulative probability for theW boson to have a mass greater thanmW,min is used to find the median

of the remaining distribution. The probability density function (f ) form2
W satisfies

f(m2
W ) ∝ 1

(m2
W −M2

W )2 +M2
WΓ2

W

.
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Therefore, the cumulative distribution function (F ) is

F (m2
W ) =

1

π
arctan

(
m2

W −M2
W

MWΓW

)
+

1

2
. (A.23)

The midpoint of the allowed kinematic region has a value of

Fmed =
1 + F (m2

W,min)

2

Rearranging eq. (A.23) form2
W gives

m2
W =M2

W + ΓWMW tan

(
π

[
F − 1

2

])
. (A.24)

SubstitutingF = Fmed in eq. (A.24) gives an expression for themedianW mass in the kinematically allowed

region

m2
W,med =M2

W + ΓWMW tan

(
π

[
1 + F (m2

W,min)

2
− 1

2

])
.

This value ofmW,med is used in eq. (A.19) to solve for α. From eq. (A.11) and the definitions in eqs. (A.13)

to (A.16), the expression for the HNLmass in terms of α is

m2
HNL = m2

23 + 2p′ν · p′23
= m2

23 + 2E′
23

√
q2⊥ + α2 + 2q2⊥ − 2qzα. (A.25)

Substituting the expression for α in eq. (A.19) into eq. (A.25) gives the solution for the HNLmass.
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Figure A.1: Truth reweighting validation pT distributions for the four leptons (lα, lβ , lγ , νγ) between Mad-
Graph5_aMC@NLO and Pythia for a µ−µµ (mN = 10 GeV, cτN = 10 mm) sample. The applied
weights are wCC+NC in the 1SFH(µ) model (xe = 0, xµ = 1, xτ = 0) for the lepton number violating
decays (LNV). See section 5.4.5 for details. Figures are taken from our internal note ref. [16].

A.3 Truth reweighting validations

This section summarises the additional truth reweighting validation plots to account for the missing spin

correlations in Pythia as described in section 5.4.5. The additional pT distributions of the four leptons for

the µ−µµ channel and lepton number violating decays (fig. A.1), for the µ−µe channel and lepton number

violating decays (fig. A.2), and for the µ−µe channel and lepton number conserving decays (fig. A.3) show

good agreement between the reweighted Pythia andMadGraph5_aMC@NLO reference distributions.
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Figure A.2: Truth reweighting validation pT distributions for the four leptons (lα, lβ , lγ , νγ) between Mad-
Graph5_aMC@NLO and Pythia for a µ−µe (mN = 10 GeV, cτN = 10 mm) sample. The applied
weights arewCC in the 1SFH(µ) model (xe = 0, xµ = 1, xτ = 0) for the lepton number violating decays
(LNV). See section 5.4.5 for details. Figures are taken from our internal note ref. [16].

168



A.3 Truth reweighting validations

0 10 20 30 40 50 60 70 80
 [GeV]

T
Truth Prompt Lepton p

3−10

2−10

1−10

1

F
ra

ct
io

n 
of

 E
ve

nt
s 

/ 2
 G

eV

MadGraph

weighted Pythia8

un-weighted Pythia8

ATLAS              Internal
 = 13 TeVs

e, 10 GeV, 10 mmµ-µLNC, 

(a) Lepton 1 (lα) pT

0 10 20 30 40 50
 [GeV]

T
Truth Displaced Lepton 1 p

3−10

2−10

1−10

1

F
ra

ct
io

n 
of

 E
ve

nt
s 

/ 2
 G

eV

MadGraph

weighted Pythia8

un-weighted Pythia8

ATLAS              Internal
 = 13 TeVs

e, 10 GeV, 10 mmµ-µLNC, 

(b) Lepton 2 (lβ) pT

0 10 20 30 40 50
 [GeV]

T
Truth Displaced Lepton 2 p

3−10

2−10

1−10

1

F
ra

ct
io

n 
of

 E
ve

nt
s 

/ 2
 G

eV

MadGraph

weighted Pythia8

un-weighted Pythia8

ATLAS              Internal
 = 13 TeVs

e, 10 GeV, 10 mmµ-µLNC, 

(c) Lepton 3 (lγ ) pT

0 10 20 30 40 50
 [GeV]

T
Truth Displaced Lepton 3 p

3−10

2−10

1−10

1

F
ra

ct
io

n 
of

 E
ve

nt
s 

/ 2
 G

eV

MadGraph

weighted Pythia8

un-weighted Pythia8

ATLAS              Internal
 = 13 TeVs

e, 10 GeV, 10 mmµ-µLNC, 

(d) Lepton 4 (νγ ) pT

Figure A.3: Truth reweighting validation pT distributions for the four leptons (lα, lβ , lγ , νγ) between Mad-
Graph5_aMC@NLO and Pythia for a µ−µe (mN = 10 GeV, cτN = 10 mm) sample. The applied
weights are wCC in the 1SFH(µ) model (xe = 0, xµ = 1, xτ = 0) for the lepton number conserving
decays (LNC). See section 5.4.5 for details. Figures are taken from our internal note ref. [16].

169



A Appendix

A.4 Signal selection efficiencies

This section summarises the signal selection efficiencies shown in fig. A.4 as a function of HNL mass and

proper decay length for the four analysis channels (e−ee, e−eµ, µ−ee, e−µµ) that are not shown in the

mainbody in section 5.6.4. The selection efficiencies for the channelsµ−µµ andµ−µe are shown infig. 5.24.
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(a) e−ee channel (b) e−eµ channel

(c) µ−ee channel (d) e−µµ channel

Figure A.4: The event selection efficiency for each mass-lifetime point for the remaining four analysis channels. The
percentage of the produced MC simulation events that pass all signal region selections is shown. An entry
of 0 indicates no events were selected [10]. The selection efficiencies for the channels µ−µµ and µ−µe are
shown in fig. 5.24. Figures are taken from our PRL publication ref. [10].
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A.5 Background uncertainties in final binning

This section summarises the impact on the nominal data-driven background estimate distributions of the

systematic uncertainties that arise from the data-driven background estimation method in the binning of

the final fit (section 5.10.2) for the signal and control regions. The systematic uncertainties and the method

used to derive the data-driven background estimate are explained in sections 5.7 and 5.9.2. The displaced

vertex systematic takes the differences between opposite-sign and same-sign displaced vertices into account as

described in section 5.9.2 and is summarised in fig. A.5 for the signal region and in fig. A.6 for the control

region. The prompt lepton systematic is explained in section 5.9.2 and takes the finite number of prompt

leptons available for shuffling into account. The impact of the nominal distribution of the prompt lepton

systematic is shown in fig. A.7 for the signal region and in fig. A.8 for the control region.
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(a) e−ee channel (b) µ−ee channel

(c) e−eµ channel (d) µ−µe channel

(e) e−µµ channel (f) µ−µµ channel

Figure A.5: Single-binHNLmass histogram of the data-driven shuffled background estimate (section 5.7.2) in the final
signal region binning (one bin,mHNL ∈ [0, 20]GeV). The black histogram shows the nominal data-driven
background estimate. The red and blue histograms indicate the symmetrised displaced vertex systematic
uncertainty for±1σ. The deviation of the systematic uncertainty in % from the nominal background esti-
mate is shown at the bottom of each plot. The systematic uncertainties in the background estimate are fully
correlated between the signal and control region.
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(a) e−ee channel (b) µ−ee channel

(c) e−eµ channel (d) µ−µe channel

(e) e−µµ channel (f) µ−µµ channel

Figure A.6: Single-binHNLmass histogram of the data-driven shuffled background estimate (section 5.7.2) in the final
control region binning (one bin,mHNL ∈ [20, 50] GeV). The black histogram shows the nominal data-
driven background estimate. The red and blue histograms indicate the symmetrised displaced vertex system-
atic uncertainty for±1σ. The deviation of the systematic uncertainty in % from the nominal background
estimate is shown at the bottom of each plot. The systematic uncertainties in the background estimate are
fully correlated between the signal and control region.
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(a) e−ee channel (b) µ−ee channel

(c) e−eµ channel (d) µ−µe channel

(e) e−µµ channel (f) µ−µµ channel

Figure A.7: Single-bin HNL mass histogram of the data-driven shuffled background estimate (section 5.7) in the final
control region binning (one bin,mHNL ∈ [20, 50] GeV). The black histogram shows the nominal data-
driven background estimate. The red and blue histograms indicate the symmetrised prompt lepton system-
atic uncertainty for±1σ. The deviation of the systematic uncertainty in % from the nominal background
estimate is shown at the bottom of each plot. The systematic uncertainties on the background estimate are
fully correlated between the signal and control region.
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(a) e−ee channel (b) µ−ee channel

(c) e−eµ channel (d) µ−µe channel

(e) e−µµ channel (f) µ−µµ channel

Figure A.8: Single-bin HNL mass histogram of the data-driven shuffled background estimate (section 5.7) in the final
signal region binning (one bin,mHNL ∈ [0, 20]GeV). The black histogram shows the nominal data-driven
background estimate. The red and blue histograms indicate the symmetrised prompt lepton systematic un-
certainty for±1σ. The deviation of the systematic uncertainty in % from the nominal background estimate
is shown at the bottom of each plot. The systematic uncertainties on the background estimate are fully cor-
related between the signal and control region.
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A.6 Technical details of the DHNLLimits framework

This section describes the technical details of the DHNLLimits framework briefly, the statistical interpreta-

tion of the results itself is discussed in section 5.10.

The DHNLLimits framework is a python-based wrapper for the statistical analysis frameworkTRExFit-

ter [210] that iswell established inATLAS.Theprevious displacedHNLanalysis [159]used a different frame-

work unsuited for this work’s scope. Therefore, the DHNLLimits framework was created from scratch after

reviewing several existing statistical analysis frameworks. The framework is shown schematically in fig. A.9.

The DHNLLimits framework handles the job-creation for TRExFitter and the required splitting, sub-

mission and book-keeping related to the parallelised CERN batch computation.

A standardTRExFitter job involves seven different steps:

1. Input histogram production "n"

2. Pre-fit plot production "d"

3. Workspace creation "w"

4. Fitting "f"

5. Post-fit plot production "p"

6. Ranking plot production "r"

7. Limit-setting "l"

A job runs 1000 pseudo experiments for the baseline and the alternative hypothesis, and each tested signal

strength value µ for a particular HNL mass, mean decay length, and HNL model (see section 5.10.1 for de-

tails). To reach the desired 10,000 pseudo experiments permass, mean decay length, andmodel, ten jobs with

different random seeds are run on the batch system in paralell and combined afterwards. The final analysis

script then combines all (mN , cτN ) points for a particularmodel and performs the cubic spline interpolation

to obtain the final exclusion limit contours.
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Figure A.9: Schematic illustration of the DHNLLimits framework. The Micro Ntuples (see also the schematic illus-
tration of the analysis framework in fig. 5.17) are taken as an input for both background and signal MC
samples. A python-steering script collects the inputs and splits the calculations done by TRExFitter in
small portions run in parallel on multiple computing nodes on the CERN batch system (or other national
computing farms). The splitting is done in the HNLmodel, cτN ,mN , and the number of pseudo experi-
ments created. Each (model, cτN ,mN ) job is split into ten sub-jobs and combined afterwards to reduce the
runtime for the toyMC experiments. A separate analysis script does the interpolation for the final contours.

A.7 Impact of systematic uncertainties on the expected 95%

confidence limit

Figure A.10 shows the expected 95% confidence limit (CL) contours of the eight different models for the case

where the systematic uncertainties are included in the maximum likelihood fit (solid lines) and for the case

where only statistical uncertainties are taken into account (dashed lines). The excellent agreement between

the expected 95%CL contours with and without systematic uncertainties shows that the sensitivity is mainly

statistically limited. The systematic uncertainties on the simulated signal samples (section 5.9.1 together with

the systematic uncertainties on the data-driven shuffledbackground estimate (section 5.9.2) do not noticeably

restrict the sensitivity of the analysis.
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Figure A.10: This figure shows the expected 95% CL contours for the eight different models in Dirac-limit (left) and
Majorana-limit (right) including systematic uncertainties (solid line, 10k toyMC experiments) and exclud-
ing systematic uncertainties (dashed line, ’stat-only’, 1k toy MC experiments).
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