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Introduction

The Standard Model of particle physics is a theory that allows to describe the elementary particles
and the existing fundamental interactions. These particles all have been detected and many of their
properties measured, the last one being the Higgs boson discovered in 2012 at the Large Hadron
Collider by the ATLAS and CMS experiments.

However, the Standard Model remains an incomplete theory since it is unable to explain several
physical observations such as the nature of dark matter, an invisible form of matter evinced through
its gravitational effects. The nature of dark matter remains unknown, even if a large number of
hypotheses has been explored by physicists. A possibility would be to consider that dark matter
is made of new invisible particles that interact weakly with the visible ones, and that could be
produced at hadron colliders.

This thesis focuses on theoretical models arising from a dark sector accessible through a new
mediator, containing new particles and able to provide dark matter candidates. More precisely, the
experimental signature that has been considered corresponds to jets of particles associated with
displaced vertices, generally referred to as «emerging jets».

In this thesis, chapter 1 briefly describe the Standard Model and focus especially on the strong
interaction, since it is the interaction that is the more related to these studies. Chapter 2 presents
the several evidences for the presence of dark matter in the universe, in addition to the main
hypotheses to explain its nature. Chapter 3 presents the Large Hadron Collider and the ATLAS
detector, while Chapter 4 describes the method employed in ATLAS to reconstruct the physical
objects used in this thesis, along with the studies I have done on hadronic jets. Then, chapter 5
presents my contribution to the search for emerging jets with the ATLAS detector using the LHC
Run-3 data that led to an article that has been submitted to the journal «Reports on Progress
in Physics». Finally, chapter 6 presents the concept of reinterpreting existing LHC analyses, in
addition to my implementation of analyses in the reinterpretation framework «MadAnalysis» and
the first studies performed to allow the reinterpretation of the emerging jet analysis.
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Chapter 1

The Standard Model of particle physics

Contents
1.1 The Standard Model of particle physics . . . . . . . . . . . . . . . . . . 9

1.2 Quantum Chromodynamics . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.3 The hadron colliders . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.1 The Standard Model of particle physics
The Standard Model of particle physics is a theory describing three of the four fundamental forces
which are the electromagnetic, the weak and the strong interactions, by classifying the fundamental
particles that constitute matter and quantifying their interactions. It provides predictions that are
in excellent agreement with experimental measurements, making the Standard Model one of the
most successful theory of physics.

The Standard Model is characterized as a gauge quantum field theory that is based on local
symmetries, and that considers each particle as an excitation of a quantum field. It is defined by
the gauge group SU(3) ⊗ SU(2) ⊗ U(1), where SU(3) is the gauge group of the strong interac-
tion also called Quantum Chromodynamics (QCD) and SU(2) ⊗ U(1) is the gauge group of the
electro-weak interaction. Through the Higgs mechanism [1], the electro-weak gauge symmetry is
spontaneously broken, separating the electromagnetic and weak interactions and explaining how
the massive particles can acquire mass.

The Standard Model particle contents is presented in Figure 1.1 [2]. It is made of two types
of particles : fermions of spin 1/2 that compose matter and gauge bosons of spin 1 that are the
mediators of the fundamental interactions. It also contains the Higgs boson H, a spin 0 boson
originating from the Higgs mechanism.

The electromagnetic interaction that only occurs between electrically charged particles is medi-
ated by the photon γ which is a massless and electrically neutral particle. The strong interaction
that occurs between particles that carry a color charge is mediated by eight different massless gluons

9
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Figure 1.1: Diagram of the Standard Model of particle physics presenting the known fundamental
particles [2].

g that have a color - anticolor charge, allowing interactions between gluons. The weak interaction
that affects all the fermions is mediated by the massive bosons W+, W− and Z0.

The fermions are divided into quarks and leptons, which are both classified into three genera-
tions distinguished by their hierarchy in mass.

The first quark generation is made of the up and down, the second one of the charm and strange,
and the third one of the top and bottom quarks. The up, charm and top carry an electric charge of
+2

3 , while the down, strange and bottom have an electric charge of −1
3 . The six quarks also carry

a color charge, allowing them to interact with gluons, additionally to photons, W± and Z bosons.
Because they are the lightest ones, only the quarks from the first generation are stable and form
protons and neutrons.

10



The leptons are composed of particles that carry an electric charge of −1 which are the electron
e, the muon µ and the tau τ , and of neutral particles νe, νµ and ντ respectively named electron,
muon and tau neutrinos. The first lepton generation is made of e and νe, the second one of µ and
νµ, and the third one of τ and ντ . Both charged leptons and neutrinos can interact with the W±

and Z bosons through the weak interaction but only the charged leptons can interact with photons.
As they do not carry color, no leptons can interact with gluons. Because it is lighter than the
muon and the tau, the electron is the only charged lepton that is stable and allows to form atoms
together with protons and neutrons, constituting the baryonic matter.

For each of these fermions, a corresponding antiparticle also exists with the same mass but with
opposite quantum numbers (like the electric charge). For example, the antiparticule of the electron
is named the positron e+ and has a charge equal to +1.

All of these particles have been detected, the latest being the top quark in 1995 ([3], [4]) and
the tau neutrino in 2000 [5] at Fermilab, and the Higgs boson in 2012 ([6], [7]) at the Large Hadron
Collider, corresponding respectively to the most massive fermion, one of the weakest interacting
fundamental particle and the most massive boson in the Standard Model.

Despite its success, the Standard Model presents some limitations and is unable to explain some
physical observations. Indeed, among others, it does not describe the gravitational interaction, does
not explain the observation that the neutrinos are massive, cannot explain the matter - anti-matter
asymmetry observed in the universe, and does not provide any candidate for the dark matter. In
particular, the dark matter problem will be more detailed in section 2.

1.2 Quantum Chromodynamics
In this section, the strong interaction described by the gauge quantum field theory named Quantum
Chromodynamics (QCD) will be more detailed as it is highly related to the studies presented in
this document. As explained in the previous section, QCD is described by the SU(3) gauge group.
It describes the interactions between the quarks with the gluons as mediators. Each quark can
carry one of three possible color charges (Red, Green and Blue) while each of the eight different
gluons carry a color - anticolor charge.

QCD presents some notable properties. Indeed, gluons are color-charged particles so gluon self-
interactions are possible as illustrated in Figure 1.2 [8] with 3-gluon and 4-gluon vertices, while
photon self-interactions through the electromagnetic interaction are forbidden because the photon
is a neutral particle.

The QCD coupling constant αS is actually not constant but vary with the energy scale of the
interaction. It can be written as :

αS(Q2) = 1
β ln(Q2

Λ2 )
(1.1)

where Q2 is the square of the four-vector transferred during the interaction, β is a known positive
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Figure 1.2: Feynman diagrams representing quark-gluon, 3-gluon and 4-gluon QCD vertices [8].

constant and Λ is called the QCD energy scale and is about a few hundred of MeV. As a conse-
quence, αS will decrease if Q2 increases, signifying that αS is smaller at high energy than at low
energy (or equivalently, αS is smaller at short distance than at large distance) while the electro-
magnetic coupling constant presents an opposite behavior. This property of the QCD is named the
asymptotic freedom and allows the free propagation of quarks and gluons in high energy processes
(Q2 � Λ).

On the other hand, in low energy processes (Q2 ≤ Λ), quarks and gluons cannot be isolated
because the interaction between them becomes much stronger, leading to the confinement of color-
charged particles into composite states named hadrons that have a color charge equal to zero. This
property of the QCD is called the color confinement. The hadrons are classified either as baryons
(such as the protons, the neutrons...) if they are composed of three quarks, or as mesons if they
are composed of a quark - anti-quark pair (such as the pions, the rhos, the kaons...)

The evolution of αS as a function of Q obtained from different measurements is shown in Figure
1.3 [9]. For exemple, the αS measured value at an energy corresponding to the mass of the Z
boson is equal to αS(M2

Z) = 0.1179 ± 0.0010 [9]. In high energy hadron collisions, a process can
be separated between a hard perturbative contribution and a softer non-perturbative one that are
treated differently in the computations.

1.3 The hadron colliders
At the TeV energy scale relevant to the Large Hadron Collider (LHC) proton-proton collisions, it is
not the protons but the quarks and gluons that compose them, denoted as partons, that interact.
The partons each carry a fraction of the energy of the proton they compose. In a proton-proton
collision, an interaction between two energetic partons can occur and produce the emission of an
energetic parton (or a massive gauge boson), carrying a large momentum in the transverse plane
of the collision. This interaction is named hard scattering process.

12



Figure 1.3: Summary of measurements of αS as a function of the energy scale Q from various
type of interactions and with different degrees of QCD perturbation theory in the extraction of αS
(NLO : next-to-leading order; NNLO : next-to-NLO; NNLO+res : NNLO matched to a resummed
calculation; N3LO : next-to-NNLO) [9].

A parton emitted at high energy is first in a state corresponding to the asymptotic freedom
described previously, i.e it is able to propagate freely. During its propagation, it will loose energy
by the emission of gluons or by the creation of quark - anti-quark pairs, that then can emit further
partons : this process is named parton shower and is similar to the emission of photons by accel-
erated charged particles through the electromagnetic interaction. Once the energy of the partons
is below the QCD energy scale, these partons will then gather into colorless hadrons during a step
called the hadronization. It results in the formation of a narrow cone of hadronic particles that
propagate in a direction close to the initial parton : this cone is called a hadronic jet.

In addition to the hard scattering process, interactions between other partons that come from
the same hadrons and that involve less energy can happen in the same collision. These interactions
are named «underlying event». Moreover, the partons belonging to the colliding hadrons can radiate
partons before the interaction occurs : this process is called «initial state radiation» (ISR). After
the interaction, partons in the final state can also emit other partons : this is called final state
radiation (FSR). An illustration of a hadron-hadron collision with a hard scattering process and
underlying event is shown in Figure 1.4 [10].

13



Figure 1.4: Illustration of a hadron-hadron collision. The red circle represents the hard scattering
process of the collision, and the red tree-like structure is a representation of the parton shower.
The green spots represent the hadronization process and the decay of the hadrons. The yellow
lines represent the emission of photons by charged hadrons. The purple spot corresponds to the
underlying event [10].
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Chapter 2

The Dark Matter

Contents
2.1 Observational evidence . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2 Dark matter hypotheses . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.3 Detection methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.4 Dark sector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.1 Observational evidence
The dark matter is an invisible and hypothetical form of matter impacting visible matter through
gravitational effects and possibly through other weakly-coupled interactions, making difficult its
detection in laboratory. According to cosmological observations, it would compose roughly 85% of
the total matter in the universe.

The first evidence of the presence of an invisible matter in the Universe was obtained by Fritz
Zwicky in 1933 [11]. He considered the Coma Cluster of galaxy and estimated its mass based on
the velocity dispersion of the galaxies near its extremity, and compared it to an estimation based
on its luminosity and number of galaxies. He found that to explain the velocities of the galaxies,
the cluster must contain about a few hundred times more mass than what is visible, otherwise the
gravity effect of the visible galaxies would not be sufficient to maintain the galaxies bound together
given their large velocities. He proposed the existence of an invisible matter in the cluster that
would allow to explain this discrepancy.

Then, one of the most important evidence for dark matter came from the measurement of galaxy
rotation curves by Vera Rubin and Kent Ford in the 1970s [12]. These curves present the orbital
speeds of visible stars or gas in a given galaxy in function of the radial distance from the center of
the galaxy. The Newton laws of mechanics predict that at large distance from the galaxy center,
this orbital speed v(r) should vary as v(r) ∼ 1/

√
r, where r is the radial distance of the star or

gas to the galaxy center. However, the rotation curves measured by Rubin and Ford present an
unexpected behavior regarding the prediction from the Newtonian mechanics : the orbital speeds
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reach a constant value at large radii in the galaxy. These results have been confirmed in the
following decades, and they are illustrated in Figure 2.1 with recent data [13].

Figure 2.1: Rotation curves of two galaxies, NGC 7331 and DDO 154, observed with data from the
THINGS survey (as red points with error bars, and represented as open points for older data). The
blue lines show the rotation velocity coinciding with the observed stars and gas, and Rp represents
the radius at which this blue curve is maximum [13].

These observations imply that the visible matter gravitational presence is not sufficient to ex-
plain these curves. Thus, there may exist a non-luminous matter that has a very different repartition
in galaxies than the visible matter. The main corresponding hypothesis is to suppose the existence
of a dark matter halo that surrounds each galaxy.

Another manifestation of the presence of dark matter in the universe can be observed through
the phenomena of gravitational lensing. It is a consequence of the Einstein’s theory of general
relativity and it happens when a massive astrophysical object is located between a source of light
and an observer. Because of the curvature of spacetime that it induces, the presence of this mass
will act as a lens and curve the path of the emitted light from the source, so the observations will
be distorted images of the distant object. For example, a galaxy cluster will act as a gravitational
lens if it is placed between a source like a quasar and an observer. By measuring the distortion that
is observed, the mass of the galaxy cluster can be deduced. In this way, the measurements of such
effects can be used to probe the matter (both visible and invisible) distribution in galaxy clusters
and to constrain the dark matter density.

The Cosmic Microwave Background (CMB) also provides an important evidence for the presence
of dark matter, precisely measuring its density in the universe. Indeed, the CMB is very similar
to a black-body radiation corresponding to a temperature of T = 2.725 K but it is not perfectly
isotropic and presents extremely small fluctuations of temperature, related to the interactions be-
tween photons and matter in the very early universe. These anisotropies can be decomposed into
an angular power spectrum that contains several peaks of different heights as measured by the
Planck telescope (cf Figure 2.2 [14]).
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Figure 2.2: Angular power spectrum of the CMB temperature as measured by Planck in 2018. The
red points correspond to data and the blue line is the result of a fit assuming the Lambda Cold
Dark Matter model [14].

These peaks are related to cosmological parameters, such as the curvature of the universe, the
density of baryonic matter and dark matter. In Figure 2.2 [14], the Lambda Cold Dark Matter
model is used to fit this spectrum and to extract constraints on these cosmological parameters,
providing the measured values of the ordinary and dark matter densities in the universe.

2.2 Dark matter hypotheses
In order to explain these observations, different hypotheses have been proposed.

The first conjecture was that dark matter could be massive astrophysical objects that would still
be made up of baryonic matter but not emitting light (or not sufficiently to be detected). These
objects are named MaCHOs for Massive Compact Halo Objects, and could correspond for instance
to black holes or neutrons stars that may constitute the expected halo of Dark Matter.

However, several observations have demonstrated that the MaCHOs are not sufficient to explain
the nature of dark matter, and can only contribute to a small fraction of the missing mass. For
example, the presence of a MaCHO can be detected while passing between a star and an observer,
bending the light that is emitted by the star and causing a detectable change in its brightness. This
phenomenon is named gravitational microlensing. Searches for this kind of events have allowed to
exclude a very large range of possible masses for MaCHOs.
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Moreover, the CMB measurements have demonstrated that Dark Matter must be composed of
non-baryonic matter. One of the most prevalent hypothesis is that dark matter could be made of
new massive elementary particles that would interact with ordinary matter through gravity and
possibly through other interactions that are as weak or weaker than the weak interaction. These
sorts of particles are designated as Weakly Interacting Massive Particles (WIMPs).

They must satisfy some properties in order to correspond to the astrophysical and cosmological
observations : the WIMPs must be massive and cold (i.e having large mass compared to Standard
Model particles, and having non relativistic velocity, forcing the WIMPs to group themselves due to
the gravitational interaction and to form large massive structure) and stable relatively to the age of
the universe, because dark matter was present in the early universe and still is nowadays. Moreover,
in order to explain the current dark matter density, the self-annihilation cross-section between dark
matter particles and anti-particles cannot be higher than the weak interaction processes cross-
section.

Figure 2.3: Comparison between constraints on the WIMP-nucleon scattering cross-section as a
function of the WIMP mass obtained from direct detection experiments and searches at the LHC
(more details on the different methods to detect Dark Matter are presented in section 2.3). The
shaded areas correspond to the phase-space regions that are excluded [15].

Many Beyond-the-Standard Model (BSM) theories predict the existence of WIMPs, with su-
persymmetry being the most popular. However, none of these theories have been confirmed by
experiments that were specifically searching for WIMPs. Nowadays, strong constraints on the
WIMPs mass and on the WIMPs-baryonic matter scattering cross-section have been set as shown
in Figure 2.3 [15], reducing significantly the allowed regions of the model parameter space.
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The WIMPs hypothesis is not totally rejected but in addition to it, several other dark matter
theoretical models involving new particles have been proposed and tested by experiments, such as
the axions or the existence of a dark sector. The latter will be more detailed in section 2.4 since it
is related to the studies presented in this thesis.

2.3 Detection methods
If dark matter is made of new particles, three different and complementary experimental ways to
detect them can exist, as illustrated in Figure 2.4 [16].

Figure 2.4: Illustration of the different methods to detect Dark Matter particles [16].

First, the direct detection aims to observe recoils of nuclei in laboratory due to interactions with
particles of dark matter. Indeed, it is expected that a dark matter halo surrounds the Earth and so
this latter should be permanently crossed by particles of dark matter. The recoil of the interacting
nucleus will cause the emission of a small amount of energy that then can be detected. In order to
increase the sensitivity of particle detection, cryogenic detectors can be employed, aiming to detect
the heat produced by the recoil of a nucleus in a crystal absorber. Noble liquid detectors can also
be used, relying on the detection of scintillation light and ionization signal that would be produced
when a dark matter particle interacts in a volume of liquid such as xenon or argon.

One of the main concerns of this method is to highly reduce the potential background coming
from Standard Model particles interactions (which can be done by locating such experiments in
underground laboratories to lower the contribution from cosmic particles and using radio-pure
materials) but also to discriminate the remaining background collisions from the ones induced by
dark matter particles.
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Secondly, the indirect detection is searching for Standard Model particles that may come from
the self-annihilation of dark matter particles happening in high-dark-matter-density regions. These
annihilation products may be gamma rays or pairs of Standard Model particle - anti-particle. In
general, the indirect detection consists in observing positrons, anti-protons or gamma rays coming
from high-density regions with telescopes and searching for excesses, which would be a potential
manifestation of dark matter self-annihilation.

Finally, the last approach to detect dark matter particles is to produce them through very
rare processes by colliding Standard Model particles at high energy, such as in hadron-hadron
collisions at the LHC. However, if such particles are produced, they will cross the detectors without
interacting because dark matter particles would interact weakly with ordinary matter. They can
only be observed indirectly if they are produced together with Standard Model particles. Indeed,
because of the law of conservation of momentum, the sum of the momentum transverse to the
collisions of all the particles in the final state must be zero. For an event where invisible particles
have been produced with visible ones, one can only detect the contribution from the latter and
the contribution from the invisible particles will appear as a large missing transverse momentum
needed to ensure the momentum conservation.

Figure 2.5: Scheme illustrating the production of dark matter particles in association to visible
ones at the LHC [15].
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This type of signature corresponding to a large missing transverse momentum balancing visible
objects (that can be hadronic jets, leptons or photons that could come either from the process
of dark matter particles production or from ISR) is illustrated in Figure 2.5 [15]. The Feynman
diagram of a BSM process that may reproduce this signature is shown in Figure 2.6 [17].

q g

q̄

gq
ZA

χ

χ̄

gχ

Figure 2.6: Diagram of the pair production of WIMPs χ through a new mediator ZA with initial
state radiation [17].

The current searches for dark matter particles at colliders are also looking for other types of
final states, as will be described in the next section.

2.4 Dark sector
Dark matter theoretical models can also be based on the «Asymmetric Dark Matter» (ADM)
paradigm which is totally different from the WIMPs one. ADM models are motivated by the ob-
servation that the mass density of dark matter, ΩDM, is similar to the one of baryonic matter Ωb

(ΩDM ' 5Ωb). The current mass density of baryons is the result of the matter - anti-matter annihi-
lation process in the early universe; the slight excess of baryons is the matter seen in the Universe
today. The ADM paradigm postulates that the current mass density of dark matter should also
be due to a dark matter - anti-dark-matter annihilation happening in the early universe that may
also have presented an asymmetry. In this way, the baryonic and dark matter asymmetries could
share a common origin and be the results of production processes that have been connected in the
early universe.

As the components of baryonic matter correspond to stable states of the Standard Model sector,
the ADM paradigm suggests that Dark Matter could also be constituted of stable elements of a dark
sector that may be described by a new gauge group containing new quantum fields. In particular,
this new gauge group may corresponds to a SU(NCd) gauge group describing a QCD-like theory
characterizing this dark sector : the latter is generally named dark QCD. This dark QCD theory
describes the interaction between new quantum fields referred as dark quarks qd and dark gluons gd
in a similar way as the QCD describes the interactions between Standard Model quarks and gluons.
It is characterized by free parameters like the number of dark colors NCd , the number of flavors of
dark quarks Nfd , a coupling constant αd or by a confinement scale Λd which plays the same role
as the QCD confinement scale. Thus, dark quarks emitted at high energy can produce dark jets
containing composite dark hadrons during a process similar to the one that Standard Model quarks
realize.
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In such a theory, it is also supposed that dark QCD particles can be connected to Standard Model
ones through a new interaction which can be mediated by a new vector boson Z ′ or a new scalar
mediator φ for instance. Thus, at hadron colliders like the LHC, it would be possible to directly
produce dark quarks through this new interaction and initiate the formation of jets containing dark
hadrons. The latter can either be stable within the dark sector (and so remain invisible) or unstable
and decay back to Standard Model particles through the same mediator. Depending on the fraction
of invisible dark hadrons inside the dark jets and on the decay life-time of the unstable ones, the
Standard Model particles coming from the decay of the unstable dark hadrons will produce very
unusual and exotic signatures in the detectors that are generally classified into three categories as
schematized in Figure 2.7 [18] :

• Dark jets that correspond to the case where the dark hadrons are all unstable and promptly
decay back to Standard Model particles (QCD-like region in Figure 2.7).

• Semi-visible jets (SVJ) that consider the case where a fraction of dark hadrons do not de-
cay to Standard Model particles and remain invisible, leading to a large missing transverse
momentum in the final state which is aligned with one of the jets (Exotic (II) in Figure 2.7).

• Emerging jets (EJ) that result from the case where the dark hadrons are all unstable but
decay to Standard Model particles with an important life-time, resulting in detectable signals
that are displaced from the interaction point (Exotic (I) in Figure 2.7).

Figure 2.7: Diagram representing the different topologies of jets from dark QCD. D.O. means
«Displaced Objects» and C.S. corresponds to «Collider Stable» [18].
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These type of jets also differ from QCD ones in terms of internal jet structure. Indeed, if the
produced visible particles are Standard Model quarks, the latter will undergo parton shower and
hadronization in the visible sector. In this way, the jets from the dark sector can be the result of a
double hadronization process : one with the dark quarks in the dark sector, followed by one in the
visible sector.

In Figure 2.7, there is also a «WIMP-like» region where either the unstable dark hadrons life-
time is too large regarding the detector size, or the fraction of invisible particles is close to one. The
resulting final state is equivalent to the one coming from a pair production of WIMPs described
in section 2.3, so this area is already covered by WIMP searches at colliders. Thus, searches for
dark, semi-visible and emerging jets at colliders are complementary to the WIMP searches that
have been previously performed.

As it is the main subject of the studies presented in this document, the emerging jet model will
be detailed in section 5.1.

23





Chapter 3

The LHC and the ATLAS experiment
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3.1 The LHC
The LHC is a particle collider located at CERN near Geneva across the border of France and
Switzerland. It represents the most powerful particle collider regarding the energy of collision and
consists in a circular accelerator with a circumference of 27 kilometers situated in a tunnel about
100 meters underground. It is able to produce both proton-proton (pp) and heavy-ion collisions,
but only the former will be considered in this thesis.

Before being injected in the LHC, the protons are progressively accelerated to injection energy
thanks to a chain of accelerators that is presented at Figure 3.1 [19]. First, negative hydrogen
ions, i.e hydrogen atoms with an additional electron, are accelerated by the Linear Accelerator 4
(LINAC4) to the energy of 160 MeV. The protons composing the ions are then injected in the Proton
Synchrotron Booster (PSB) and accelerated to 2 GeV before entering the Proton Synchrotron (PS),
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the latter allowing to increase the proton beam energy to 26 GeV. Finally, the protons are injected
to the Super Proton Synchrotron (SPS) and accelerated to 450 GeV before entering the two beam
pipes of the LHC : one beam is circulating clockwise while the other one is circulating anti-clockwise.

Figure 3.1: The CERN’s accelerator complex [19].

Both beams are contained in tubes kept at ultrahigh vacuum and are guided around the accel-
erator ring by magnetic fields generated by superconducting magnets employed at extremely low
temperature. In the LHC, the protons are accelerated with the use of radio-frequency cavities in
order to reach their maximum energy : it is currently equal to 6.8 TeV and thus leads to collisions
with a centre-of-mass energy equal to 13.6 TeV. During their circulation around the LHC, the pro-
tons are actually grouped together into separated bunches (about 2800 effective bunches in each
beam), each one containing about 1011 protons.

There are four interaction points at the LHC where the two beams are collided, each point being
surrounded by a particle detector. These four detectors are :

• ATLAS [20] and CMS [21] which are optimized for pp collisions and aim to study the Standard
Model and explore BSM theories,

• ALICE [22] which is dedicated to the study of heavy-ions collisions,

• and LHCb [23] which is notably used to study the physics of the bottom quark.

During data taking periods, a collision at the interaction points between two bunches occurs every
25 ns, i.e at a rate of 40 MHz.
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The first data taking period named Run-1 started in 2010 and ended in 2013 : during this
period that has been marked by the discovery of the Higgs boson, the centre-of-mass energy has
been increased from 7 to 8 TeV. The LHC has then been shut down for two years in order to increase
the centre-of-mass energy notably. Then, the Run-2 data taking period took place between 2015
and 2018 and involved a collision energy of 13 TeV. After a second shutdown, the Run-3 started in
2022, recording data corresponding to a centre-of-mass energy of 13.6 TeV. This thesis will present
results that are using pp collisions data collected in 2022 and 2023.

3.2 The ATLAS detector
ATLAS, which is the acronym for «A Toroidal LHC Apparatus», is a general purpose particle
detector located at the LHC. As CMS, it has been designed both to accurately measure the Standard
Model properties and to be able to eventually confirm BSM theories. A global view of the detector
is presented in Figure 3.2 [24].

Figure 3.2: The ATLAS detector [24].

ATLAS has a cylindrical shape of dimensions 44 meters in length and 25 meters in diameter,
and weights approximatively 7000 tonnes. The detector enables to cover nearly the entire solid
angle around its center. It is designed in layers that make complementary measurements, provid-
ing accurate measurements of the particles trajectory, energy and momentum and allowing their
identification.
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The main components of the detector, that will be described in the following sections, are the
inner detector, the calorimeters, the muon spectrometer and the magnet system.

3.2.1 Coordinate system
The coordinate system used by ATLAS is illustrated in Figure 3.3 [25].

Figure 3.3: Coordinate system used in ATLAS [25].

The x-axis is pointing towards the center of the LHC ring, the y-axis is directed upwards and
the z-axis is aligned with the beam, oriented in the direction of the one that is circulating anti-
clockwise. The origin of the coordinate system corresponds to the center of the detector.

A position can be defined by the three parameters (r, θ, φ), with r the distance to the origin, θ
the polar angle measured with respect to the beam and φ the azimuthal angle around the z-axis.
The momentum vectors can be decomposed into a contribution in the transverse (x, y) plane, pT ,
and a contribution along the direction of the beam pZ .

Rather than θ, it is the pseudo-rapidity, defined as η = − ln(tan(θ/2)), that is generally used
as coordinate. In this way, θ = π/2 is equivalent to η = 0, while θ = 0(π) corresponds to
η = +∞(−∞). The pseudo-rapidity can be written as a function of the particle three-momentum
~p as η = (1/2) ln((|~p|+pz)/(|~p|−pz)). To evaluate the distance between two points, it is the angular
distance in the plane (η, φ) defined as ∆R =

√
(∆η)2 + (∆φ)2 that is generally used.

Instead of η, the rapidity y, defined as y = (1/2) ln((E+pz)/(E−pz)) can also be used. Indeed,
compared to the pseudo-rapidity, the advantage is that the difference between the rapidities of two
particles is invariant with respect to Lorentz boosts along the beam axis. Moreover, in the case of
a highly relativistic particle, the rapidity is equivalent to the pseudo-rapidity because E ≈ |~p|.
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3.2.2 Magnet system
The magnet system aims to produce an important magnetic field in both the inner detector and
the muon spectrometer to curve the trajectory of the charged particles produced in collisions.
Indeed, once the particle trajectory is reconstructed, the direction and the radius of curvature can
respectively provide the charge and the momentum of the particle. The magnet system is divided
in two parts that are shown in Figure 3.4 [26] : the central solenoid magnet and the toroid ones.

Figure 3.4: Magnet system in ATLAS [26].

The central solenoid magnet, which surrounds the inner detector, is 5.8 meters long, has a diam-
eter of 2.6 meters and weighs 5 tonnes. Its thickness is only 4.5 cm. It is made of a superconducting
Niobium-Titanium alloy employed at extremely low temperature (∼ 5K), and it is able to produce
a 2T axial magnetic field in the inner detector.

The toroid magnet system consists of three magnets also made of Niobium-Titanium : one in
the center of the detector (barrel toroid) and one in each extremity (endcap toroids). The barrel
toroid magnet is 25.3 meters long and has a 20.1 outer diameter. The end-cap toroids are 5 meters
long and have a 10.7 meters outer diameter. Each toroid uses eight separate air-core coils to pro-
duce the magnetic field in the muon spectrometer.

The solenoidal and toroidal magnetic field lines are illustrated in Figure 3.5 [27].
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Figure 3.5: Solenoidal (in green) and toroidal (in blue) magnetic field lines [27].

3.2.3 Inner detector
The innermost ATLAS sub-detector is named inner detector : it is the first component of the de-
tector crossed by emitted particles and it is shown in Figure 3.6 [24]. As mentioned previously, it is
immersed in a 2T axial magnetic field that allows to curve the trajectory of the charged particles.
A charged particle crossing the inner detector will deposit energy in the different elements : these
energy deposits are named hits and are used together to reconstruct a track, corresponding to the
charged particle trajectory (the track reconstruction will be detailed in section 4.1).

The inner detector is divided into three sub-components, which are the Pixel detector, the Semi-
Conductor Tracker (SCT) and the Transition Radiation Tracker (TRT). Their disposition in the
transverse plane is schematized in Figure 3.7 [24]. They allow to cover the pseudo-rapidity range
|η| < 2.5 while having a full coverage in φ.

Pixel detector The pixel detector is the first component of the inner detector that the produced
particles will cross. It is composed of four concentric cylindrical layers of semiconductor silicon
pixels in the barrel region located at radii of 33.25, 50.5, 88.5 and 122.5 mm, and of three disks of
silicon pixels perpendicular to the beam line that are located in each of the two end-cap regions at
|z| of 495, 580 and 650 mm.

The layer pixel sensors are segmented transversely and longitudinally, i.e in rφ and z respectively
: the innermost layer pixels have a transverse size of 50 µm and a longitudinal one of 250 µm while
the three outermost layers pixels have a transverse size of 50 µm and a longitudinal one of 400 µm.
The accuracies in the barrel are 10 µm in rφ and 115 µm in z, while in the end-cap, they are 10 µm
in rφ and 115 µm in r. In the pixel detector, the number of readout pixel channels is 92 million.

30



Figure 3.6: Overview of the inner detector [24].

When a charged particle crosses a pixel sensor, it generates free charge carriers that are then
collected at electrodes through the application of an electric field. It results in a current pulse that
can be read-out by associated electronics and recorded as a hit, providing a three-dimensional point
located along the particle trajectory. Generally, for a single charged particle, four hits in the pixel
detector will be recorded.

SCT The SCT directly surrounds the pixel detector. It is composed of four concentric cylindrical
layers of silicon strips in the barrel region located at radii of 299, 371, 443 and 514 mm, and of nine
perpendicular disks of silicon strips in each of the two end-cap regions.

In the barrel, each layer uses 40 mrad stereo angle strips in order to measure rφ and z, and strips
parallel to the beam direction to measure rφ while in the end-cap regions, each disk uses strips
running radially and strips at an angle of 40 mrad. The mean pitch of a strip is approximatively 80
µm. The accuracies in the barrel are 17 µm in rφ and 580 µm in z, while the ones in the disks are
17 µm in rφ and 580 µm in r. In the SCT, the total number of readout channels is about 6.3 million.

The physical process describing the interaction between a charged particle and the sensor is
similar to the one described for the pixel detector. The SCT can typically provide four hits for a
single charged particle.

TRT The outermost component of the pixel detector is the TRT. Unlike the precedent compo-
nents, the TRT is made of 4 mm diameter drift tubes filled with a gas (a mixture of Xe, CO2 and
O2) and having a 30 µm diameter gold-plated tungsten wire in its centre. When a charged particle
crosses a tube, the gas is ionized and the produced electrons drift towards the central wire. The
resulting signal is then read-out and recorded as an hit.
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Figure 3.7: Transverse view of the inner detector [24].

The barrel contains approximatively 50 000 tubes that have a 144 cm length and that are ar-
ranged parallel to the beam at radii from 554 to 1082 mm. They provide measurement of r and
φ with a resolution of 130 µm. On the other hand, each end-cap region contains approximatively
125 000 tubes that are perpendicular to the beam and that have a 39 cm length. They provide
measurement of z and φ also with a resolution of 130 µm. The total number of readout channels
in the TRT is approximatively 350 000.

The spaces between the tubes are filled with polymer fibres in the barrel and foils in the end-cap
regions in order to create transition radiation that may be emitted by highly relativistic traversing
charged particles. The emitted photons can be absorbed by Xe atoms, depositing additional energy
in the gas and increasing significantly the readout signals.

Unlike the pixel detector and the SCT, the hits in the TRT correspond to two-dimensional
points. In general, the TRT provides 36 hits for one charged particle. In this way, the poorer
resolution for the TRT compared to the pixel detector and the SCT ones is compensated by the
larger number of hits that it produces.
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The radial extension and the length of each sub-components of the inner detector is presented
in Figure 3.8 [24].

Item Radial extension (mm) Length (mm)

Overall Inner Detector (ID) envelope 0 < 𝑟 < 1150 0 < |𝑧 | < 3512
Beampipe 23.5 < 𝑟 < 30

Pixel (Insertable 𝑩-Layer (IBL) included) Overall envelope 31 < 𝑟 < 242 0 < |𝑧 | < 3092
4 cylindrical layers Sensitive barrel 33.5 < 𝑟 < 122.5 0 < |𝑧 | < 400.5
2 × 3 discs Sensitive endcap 88.8 < 𝑟 < 149.6 495 < |𝑧 | < 650

Semiconductor Tracker (SCT) Overall envelope 255 < 𝑟 < 549 (barrel) 0 < |𝑧 | < 805
251 < 𝑟 < 610 (endcap ) 810 < |𝑧 | < 2797

4 cylindrical layers Sensitive barrel 299 < 𝑟 < 514 0 < |𝑧 | < 749
2 × 9 discs Sensitive endcap 275 < 𝑟 < 560 839 < |𝑧 | < 2735

Transition Radiation Tracker (TRT) Overall envelope 554 < 𝑟 < 1082 (barrel) 0 < |𝑧 | < 780
617 < 𝑟 < 1106 (endcap ) 827 < |𝑧 | < 2744

73 straw planes Sensitive barrel 563 < 𝑟 < 1066 0 < |𝑧 | < 712
160 straw planes Sensitive endcap 644 < 𝑟 < 1004 848 < |𝑧 | < 2710

Figure 3.8: Spatial extension of the inner detector components [24].

3.2.4 Calorimeter
The calorimeter directly surrounds the inner detector and the solenoid magnet. It aims to measure
the energy of both charged and neutral particles produced in the collision (except muons and neu-
trinos) by stopping their progression and forcing them to deposit all of their energy.

The calorimeter disposition is presented in Figure 3.9 [24]. It is made of two main components
: an inner part, the electromagnetic calorimeter, which is designed to stop photons and electrons,
and an outer part, the hadronic calorimeter, which stops hadronic particles escaping the electro-
magnetic calorimeter. The electromagnetic calorimeter is divided into a barrel region (EMB) and
two end-cap regions (EMEC). In the same way, the hadronic calorimeter is divided between a barrel
region and end-cap components (HEC). Moreover, the calorimeter contains forward components
(FCal) that allow to cover the range |η| < 4.9.

Both electromagnetic and hadronic calorimeters consist in an alternation of absorbing (or pas-
sive) layers that are made with high density material in order to absorb the incident particles and
force them to initiate a particle shower, and of layers with an active material aiming to measure
the energy contained in the shower. Because particles may deposit energy in the passive layers, the
energy measured by the active layers do not correspond to the totality of the incoming energy.
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Figure 3.9: Overview of the calorimeter [24].

Two different technologies are used in the calorimeter concerning the material used in the active
and passive layers. The first one is named «LAr Calorimeter» in Figure 3.9 [24], and corresponds
to absorbing layers made of metal (either tungsten, copper or lead) and active layers made of liquid
argon. The latter is ionized by incoming particles that produce a measurable current with an in-
tensity proportional to the incoming particle energy. The second one is named «Tile Calorimeter»
and corresponds to absorbing layers made of steel and active layers made of plastic scintillating
tiles. As the particles forming the shower cross the plastic scintillators, the latter produce photons
that are converted into a current that is then readout by the associated electronics.

The liquid argon is used in the electromagnetic calorimeter in the barrel (EMB) and end-cap
regions (EMEC), in the hadronic calorimeter end-caps (HEC) and in the forward components
(FCal). On the other hand, the tiles are used in the hadronic calorimeter in the barrel region. Each
of these components is split into several cylindrical layers that are divided into cells with a certain
granularity in the plane (η, φ) in order to be able to determine precisely the location of the energy
deposits. The granularity and the η coverage of each layer is presented in Figure 3.10 [24].
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Barrel Endcap
electromagnetic (EM) calorimeter
Number of layers and |𝜂 | coverage

Presampler 1 |𝜂 | < 1.52 1 1.5 < |𝜂 | < 1.8
Calorimeter 3 |𝜂 | < 1.35 2 1.375 < |𝜂 | < 1.5

2 1.35 < |𝜂 | < 1.475 3 1.5 < |𝜂 | < 2.5
2 2.5 < |𝜂 | < 3.2

Granularity Δ𝜂 × Δ𝜙 versus |𝜂 |
Presampler 0.025 × 0.1 |𝜂 | < 1.52 0.025 × 0.1 1.5 < |𝜂 | < 1.8

Calorimeter 1st layer 0.025/8 × 0.1 |𝜂 | < 1.40 0.050 × 0.1 1.375 < |𝜂 | < 1.425
0.025 × 0.025 1.40 < |𝜂 | < 1.475 0.025 × 0.1 1.425 < |𝜂 | < 1.5

0.025/8 × 0.1 1.5 < |𝜂 | < 1.8
0.025/6 × 0.1 1.8 < |𝜂 | < 2.0
0.025/4 × 0.1 2.0 < |𝜂 | < 2.4
0.025 × 0.1 2.4 < |𝜂 | < 2.5
0.1 × 0.1 2.5 < |𝜂 | < 3.2

Calorimeter 2nd layer 0.025 × 0.025 |𝜂 | < 1.40 0.050 × 0.025 1.375 < |𝜂 | < 1.425
0.075 × 0.025 1.40 < |𝜂 | < 1.475 0.025 × 0.025 1.425 < |𝜂 | < 2.5

0.1 × 0.1 2.5 < |𝜂 | < 3.2
Calorimeter 3rd layer 0.050 × 0.025 |𝜂 | < 1.35 0.050 × 0.025 1.5 < |𝜂 | < 2.5

Number of readout channels
Presampler 7808 1536 (both sides)
Calorimeter 101 760 62 208 (both sides)

Liquid Argon (LAr) hadronic endcap
|𝜂 | coverage 1.5 < |𝜂 | < 3.2

Number of layers 4
Granularity Δ𝜂 × Δ𝜙 0.1 × 0.1 1.5 < |𝜂 | < 2.5

0.2 × 0.2 2.5 < |𝜂 | < 3.2
Readout channels 5632 (both sides)

LAr forward calorimeter
|𝜂 | coverage 3.1 < |𝜂 | < 4.9

Number of layers 3
Granularity Δ𝑥 × Δ𝑦 (cm) LAr Forward Calorimeter (FCal)1: 3.0 × 2.6 3.15 < |𝜂 | < 4.30

FCal1: ∼ four times finer 3.10 < |𝜂 | < 3.15,
4.30 < |𝜂 | < 4.83

FCal2: 3.3 × 4.2 3.24 < |𝜂 | < 4.50
FCal2: ∼ four times finer 3.20 < |𝜂 | < 3.24,

4.50 < |𝜂 | < 4.81
FCal3: 5.4 × 4.7 3.32 < |𝜂 | < 4.60
FCal3: ∼ four times finer 3.29 < |𝜂 | < 3.32,

4.60 < |𝜂 | < 4.75
Readout channels 3524 (both sides)

Scintillator tile calorimeter
Barrel Extended barrel

|𝜂 | coverage |𝜂 | < 1.0 0.8 < |𝜂 | < 1.7
Number of layers 3 3

Granularity Δ𝜂 × Δ𝜙 0.1 × 0.1 0.1 × 0.1
Last layer 0.2 × 0.1 0.2 × 0.1

Readout channels 5760 4092 (both sides)

Figure 3.10: Table presenting the number of layers in each sub-calorimeters with the corresponding
|η| coverage and cell granularity [24].

3.2.5 Muon spectrometer
The muon spectrometer, that will only be briefly described in this section, corresponds to the outer
layer of the ATLAS detector. It allows to identify and to measure the momentum of the muons
that do not stop in the calorimeter. The trajectory of the muons are bent by the magnetic field
produced by the toroidal magnets described in section 3.2.2. The muon spectrometer is shown in
Figure 3.11 [24].

It is composed of several cylindrical stations using multi layers of Monitored Drift Tubes (MDTs)
and Resistive Plate Chambers (RPCs) in the barrel, of wheels in each end-cap using MDTs and
Thin Gap Chambers (TGCs) and of Micromegas in the New Small Wheel (NSW).
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Figure 3.11: Overview of the muon spectrometer [24].

3.3 Data taking with the ATLAS detector

3.3.1 Luminosity
The amount of data delivered by the LHC is quantified by a quantity that is called the instantaneous
luminosity L. It is defined such as for a given process, the rate of events observed during a period
dNevent/dt is equal to the product between the luminosity and the cross-section of the process σ :

dNevent

dt
= L × σ =⇒ L = 1

σ
× dNevent

dt
. (3.1)

The unity of the luminosity is therefore cm−2.s−1. Given this expression, it becomes important to
maximize the luminosity to search for rare processes.

The luminosity at the LHC, which depends on the beam parameters, can be expressed as :

L = N2fNb

4πσxσy
[28] (3.2)

with N the number of protons per bunch, f the revolution frequency of the bunch, Nb the number of
bunches in a beam, and σx (σy) the bunch size at the interaction point along the x (y) direction. This
expression is obtained by supposing that the protons inside the bunches are distributed according
to Gaussian distributions along the x, y and z axis. In 2024 during Run-3, the luminosity reached
a peak of 2.33× 1034 cm−2s−1 [29].
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A related quantity is the integrated luminosity Lint, which simply corresponds to the integral
of the luminosity with respect to the time :

Lint =
∫
Ldt (3.3)

The integrated luminosity at the LHC is usually expressed using inverse femto-barn fb−1 (with the
equivalence 1 b = 10−24 cm2). For a process having a certain cross-section σ, the total number of
produced events is simply given by :

Nevent = σ × Lint (3.4)

The cumulative integrated luminosity delivered to ATLAS as a function of time for years between
2011 and 2024 is shown is Figure 3.12 [29]. In total, 28 fb−1 and 156 fb−1 have been delivered
during Run-1 and Run-2 respectively. Since the beginning of Run-3 in 2022, 195 fb−1 has already
been delivered, with 125 fb−1 in 2024 only.
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Figure 3.12: Cumulative integrated luminosity delivered to ATLAS as a function of time for years
between 2011 and 2024 [29].

Nevertheless, the luminosity effectively recorded by ATLAS is inferior to the one that is delivered
by the LHC as shown in Figure 3.13 [29]. The recorded luminosity may reflect for instance the fact
that once the LHC announces that stable beams are circulating in the ring, there is a delay before
the inner detector is activated and operational. Moreover, the events recorded by ATLAS during
periods where some sub-components of the detector were not normally functioning are not used in
physic analysis. It is also shown in Figure 3.13, where the label «Good for Physics» corresponds to
data that can be effectively used in analysis.
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Figure 3.13: Cumulative integrated luminosity delivered to ATLAS as a function of time dur-
ing Run-3, in addition to the one effectively recorded by ATLAS and the one corresponding to
exploitable data [29].

3.3.2 Pile-up
While the high frequency of collision and the important number of protons inside each bunch allow
to reach high luminosity values, they also bring some drawbacks such as pile-up.

Indeed, during a single bunch crossing, multiple pp interactions occur at the same time. If a
hard scattering process occurs in an event, it will be contaminated by additional interactions that
may consist in soft and inelastic scatterings : it corresponds to in-time pile-up. Moreover, the
time response of some sub-components, such as the LAr calorimeters, can be higher than the time
interval that separates two successive bunch crossings. As a consequence, the previous and next
bunch crossings can also contaminate a given event : it is named out-of-time pile-up. During the
reconstruction of physics objects like the jets, several techniques are used to mitigate the pile-up
contribution (they will be detailed in sections 4.3.5 and 4.4.2).

The amount of pile-up can be quantified by considering the time averaged number of interactions
per bunch crossing µ. The distribution of µ in the data recorded by ATLAS during the three different
Runs is shown in Figure 3.14 [29]. It can be observed that during Run-3, the recorded data are
characterized by a larger amount of pile-up compared to Run-1 and Run-2 data.
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Figure 3.14: Distribution of µ in the data recorded by ATLAS. < µ > corresponds to the mean of
the distribution and µMPV is the most probable value [29].

3.3.3 Trigger
Given the rate of bunch crossing of 40 MHz and the data size needed to store the information
from a collision, it is impossible to keep a record of every single event. Moreover, recording the
information from every collision would be unneeded because most pp collisions correspond to soft
parton scatterings that do not provide any substantial new physics information. As a consequence,
a trigger system is used to store the data at a rate that is achievable by identifying and recording
potentially interesting events for physics analysis. This trigger system is made of two sub-systems
: the Level 1 trigger (L1) and the High Level Trigger (HLT).

The L1 trigger is a hardware based system that combines electronic signals from the calorime-
ters and the muon spectrometer. It aims to identify interesting collision events within 2.5 µs of
the bunch crossing, i.e events presenting large missing transverse energy or high energy leptons,
photons or jets candidates. The L1 trigger also defines regions of interest, i.e regions in the detector
containing high energy deposits. It allows to reduce the rate from 40 MHz to 100 kHz.

The events that are selected by the L1 trigger are then treated by the HLT, which is a software
based system using as inputs data located in the regions of interest identified by the L1 trigger.
The HLT is able to perform fast reconstruction of physic objects such as leptons, photons or jets
in a faster but similar way as the offline reconstruction that will be detailed in section 4. In this
way, it can reconstruct events with higher precision than the L1 trigger and select them according
to more complex signatures. The HLT has therefore a processing time of about a few hundreds ms.
It allows to reduce the selection rate to 3 kHz. The selected events are then stored in CERN data
centers before being processed by the reconstruction software.
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3.4 Monte Carlo simulations
The Monte Carlo (MC) simulations consist in reproducing pp collisions, simulating the production
of particles in each collision before emulating their interactions with the detector. They are used
in physic analysis to simulate the events from a theoretical BSM process for instance, to reproduce
SM events or to optimize the event selections. They are also notably used in ATLAS to derive the
jet calibration (discussed in section 4.4.3) or to evaluate the performances of the algorithms that
are used to reconstruct tracks, vertices, jets, etc.

The simulation of the pp collisions at a given collision energy and the resulting production of
particles is accomplished with particle generators such as Pythia [30], Sherpa [31], Herwig [32] or
MadGraph [33]. These generators, or combinations of them, are also able to simulate the processes
of parton shower, hadronization, underlying event, ISR and FSR in order to produce simulated
events as similar as possible to events obtained in collisions with real data. To achieve this, mod-
els with tuned parameters are used to simulate these processes in addition to the use of parton
distribution function sets. Finally, the generators can reproduce the decay chains of the unstable
particles and then return the final stable particles, including their production vertices and four-
momenta. The particle generators are usually employed to simulate a single pp interaction per
event corresponding to the hard scattering process. In ATLAS, pile-up interactions are generally
simulated separately and adjusted to match the observed pile-up conditions at the LHC, before
being added to the hard scattering process.

To simulate the interaction of the stable particles with the detector, ATLAS uses the Geant4
software [34]. This software allows to model precisely the ATLAS detector, including both the
active materials where the energy deposits are measured and the inactive components (cables, sup-
porting construction) which can absorb particles. Geant4 allows to simulate the progression in the
detector of the stable particles and their interaction with the magnetic fields and detector material,
producing a list of energy deposits in the different sub-detectors. Finally, all the simulated energy
deposits are converted into digitized signals which have a similar format as the signals measured by
the ATLAS detector with real data. A trigger simulation providing trigger decisions similar to the
ones available for data is also used. In the end, the digital signals are used to reconstruct physical
objects by using the same algorithms as the ones that are applied to signals from data.

Finally, the MC simulations allow to provide information on the generated particles before their
interaction with the detector. These particles are qualified as «truth» particles and can be used to
evaluate track or vertex reconstruction efficiencies for instance.
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In ATLAS, the energy deposits in the calorimeters cells and the hits in the inner detector and
the muon spectrometer are used to reconstruct physic objects that can be used for analyses. These
objects can be tracks, vertices, jets, photons and leptons. Only the reconstruction of the first three
will be detailed in this section because they are the main objects that are considered in the analysis
described in section 5.

4.1 Track reconstruction
The challenge of the track reconstruction algorithm is to identify and combine hits in the tracking
detectors that are originating from a unique charged particle in order to build a track corresponding
to the particle trajectory. The track is characterized by five parameters (d0, z0, φ, θ, q/p) that are
estimated by the algorithm : d0 and z0 are the transverse and longitudinal impact parameters of
the track, φ and θ are the azimutal and polar angle and q/p is the charge of the particle divided
by the momentum (cf Figure 4.1 [35]).

Figure 4.1: Diagram presenting the different track parameters [35].
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The reconstruction of tracks originating from charged particles produced near the pp interaction
point is divided in two different steps that are executed consecutively [36]. First, the reconstruction
process is run from the inside to the outside of the inner detector, i.e it starts from hits in the Pixel
and SCT sub-detectors («Primary Tracking»). Then, a second run is performed from the outside
to the inside, starting from leftover hits in the TRT («Back Tracking»). These two steps are
schematized in Figure 4.2 [36]. A third step named «Large Radius Tracking» is also performed to
reconstruct tracks that are highly displaced from the interaction point (i.e at large d0).

TRT

SCT

Pixels

TRT

1

Track Finding Ambiguity 
Resolution

TRT Segment Finding in Calorimeter 
Regions of Interest

 Track Fit

Space Point & Drift 
Circle Formation

TRT Extended 
Track Refit

Pixel & Strip 
Seed Finding Track Finding Ambiguity 

Resolution

ATLAS Primary Tracking

ATLAS Back-Tracking

Figure 4.2: Overview of the primary tracking and back tracking chains used in the track recon-
struction [36].

Primary Tracking The primary tracking algorithm starts by forming track seeds made of three
space-points in either the Pixel or the SCT sub-detectors or a combination of the two. The hits
are combined if they are likely to originate from a single charged particle produced close to the
interaction point. Then, based on the estimated trajectory of a given seed, search roads are built
through the detector in order to extend the seed with remaining hits thanks to a combinatorial
Kalman Filter [37] to produce a silicon track candidate.

In order to resolve overlaps between track candidates and to reject fake tracks, an ambiguity
resolution algorithm is executed. It ranks every track candidate according to quality criteria, such
as the number of hits shared with other candidates : the algorithm rejects lower-quality candidates
that share a large number of hits with higher-quality ones. The track candidates that pass the
ambiguity resolution step are then fitted using a global χ2 method in order to obtain the final track
parameters.

Finally, an extension of the track to the TRT sub-detector is executed by collecting the drift
tubes that are consistent with the extrapolated trajectory of the track. A refit of the entire track
that include these TRT drift-circles is performed and allows to improve the estimation of the track
parameters.
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Back Tracking The back tracking step allows to increase the track reconstruction acceptance
for particles that are produced at higher distance from the interaction point, such as electrons
coming from photon conversions that happen in the dense area of the detector. This secondary
reconstruction uses the remaining hits after the primary step has been performed. In addition,
this track reconstruction is only performed in regions of the inner detector that are consistent with
energy deposits in the electromagnetic calorimeter.

The algorithm starts by considering compatible hits in the TRT that form what is called seg-
ments. For each of these, track seeds made of two space-points in the SCT close to the TRT are
constructed, before being extended through the inside of the SCT and Pixel sub-detectors with
the same combinatorial Kalman Filter used in the primary tracking step. An ambiguity resolution
algorithm is then run to filter the track candidates before the final tracks (that include segments
from TRT) are fitted and their parameters estimated.

Large Radius Tracking (LRT) In order to reconstruct tracks with a large transverse impact
parameter d0 coming from the decay of long-lived particles (LLPs), an additional track reconstruc-
tion pass through the leftover hits is required. This pass is similar to the primary tracking step, the
main difference being that it is configured with looser requirements on tracks impact parameters
(cf Figure 4.3 [38]).

Selection criteria Primary (inside-out) LRT

max. |𝑑0 | [mm] 5 300
max. |𝑧0 | [mm] 200 500
min. 𝑝T [GeV] 0.5 1
max. |𝜂 | 2.7 3.0
max. silicon holes 2 1
max. double holes 1 0
max. holes gap 2 1
road width [mm] 12 5
seeding Pixels and SCT SCT only
max. seeds per middle Pixel SP 1 –
max. seeds per middle SCT SP 5 1

Common selection criteria

min. silicon hits 8
min. unshared silicon hits 6
max. track 𝜒2/𝑛DoF 9
keep all confirmed seeds true

Figure 4.3: Table presenting the selection criteria used for primary and large radius tracking algo-
rithms (a hole corresponds to a missing hit on an active module where one was expected based on
the particle trajectory) [38].
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Studies to evaluate the performance of the large radius tracking reconstruction have been per-
formed. They consist in examining the track reconstruction efficiency for charged particles coming
from the decay of BSM LLPs. This efficiency is evaluated in MC simulated events and is defined
as the proportion of truth particle that are matched to a reconstructed track. In Figure 4.4 [38],
the track reconstruction efficiency is shown as a function of the transverse parameter of the truth
particle |dtruth

0 | and as a function of its radius of production Rtruth
prod for both primary and large radius

tracking, either separately or combined. It can be observed that the large radius tracking allows
to significantly improve the reconstruction of tracks for charged particles produced at large radius
i.e at Rtruth

prod > 50 mm and with |dtruth
0 | > 5 mm, while the primary tracking is highly efficient to

reconstruct charged particles produced close to the interaction point.
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Figure 4.4: Primary tracking, large radius tracking and combined track reconstruction efficiency for
charged particles produced by the decay of BSM LLPs as a function of the truth particle (a) transverse
impact parameter |dtruth

0 | and (b) radius of production Rtruth
prod [38].

4.2 Vertex reconstruction
Based on the collection of reconstructed tracks, two type of vertices can be reconstructed : primary
vertices which are the locations of pp collisions, and secondary vertices associated to the decay of
LLPs that have been produced at primary vertices. Primary and secondary vertex reconstructions
are made with two different algorithms.

4.2.1 Primary vertex
The algorithm used by ATLAS during Run-3 to reconstruct primary vertices is named « adaptative
multi-vertex finder and fitter » (AMVF) [39]. It is an iterative algorithm that reconstruct one
vertex at a time and that is divided into several steps.
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First, the reconstructed tracks that pass quality criteria and that are not yet assigned to any
vertex candidate are used in order to determine the most likely position of a new primary vertex
(named a seed) along the beam axis. This is done by considering the track density repartition along
the beam axis.

Once a seed has been found and its position has been computed, all the nearby tracks are se-
lected and associated to the seed in order to create a vertex candidate. These can be unassigned
tracks or tracks already assigned to one or more previously found vertex candidates. In this way,
each track is likely to be associated to multiple vertex candidates, and the compatibility between a
track and an assigned vertex is quantified with a weight.

The parameters of the assigned tracks are then used to fit the position of the vertex candidate.
Moreover, each time a new vertex candidate is fitted, all other vertex candidates that are connected
to it through a chain of common tracks are also refitted at the same time. The track weights are
progressively adjusted based on their compatibility, and all the linked vertices are refitted after
each adjustment.

Finally, the vertex candidate has to satisfy some criteria before being accepted. It must be
composed of at least two compatible tracks, and it cannot be made only of tracks that are also
compatible with a vertex that has been previously determined during the algorithm. Moreover, the
fit vertex position cannot be within 3σ of any other candidates, based on the computed fit errors
on the positions of both candidates. Furthermore, with w designating the weight of the tracks
assigned to the vertex candidate, ∑

w2/
∑
w must be higher than 2/3.

If the vertex candidate is accepted, the compatible tracks will not be used for the seed-finding
step during subsequent iterations while if it is rejected, it is only the most compatible tracks that
are removed. The algorithm stops either when less than two tracks remain for the seed-finding step
or when no seed can be determined.

Among all the accepted vertices, the one with the highest ∑
p2
T , with the sum occurring on its

associated tracks, is classified as the hard-scattering primary vertex of the event and the other ones
are designated as pile-up vertices.

4.2.2 Displaced secondary vertex
A different algorithm is used to reconstruct secondary vertices coming from the decays of LLPs
[40]. The reconstruction of such vertices is essential for the analysis presented in section 5.

All the reconstructed tracks, i.e either standard or large-radius tracks, are used during the
reconstruction. Some pre-selections are applied on them : their transverse momentum must satisfy
pT > 1 GeV and they must not be associated to any primary vertex, either the hard-scattering or
pile-up ones. Additional requirements are made on the number of hits in the different sub-detectors
of the inner detector in order to reduce contribution from low-quality tracks.
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The vertex reconstruction starts by forming all possible pairs of the preselected tracks satisfying
|d0| > 2 mm. For each pair, the position of the corresponding vertex is estimated based on the
track parameters. Then, if both tracks have small impact parameters with the estimated vertex
position as reference, a fit is performed to extrapolate the tracks : the vertex candidate is then
either accepted or rejected given the quality of the fit. The two tracks composing a given vertex
candidate have then to satisfied a «hit-pattern consistency». It consists in requiring that both
tracks should have hits in the layers of the tracker at higher radius than the vertex position, while
they should not have hits in layers with smaller radius than the vertex position as shown in Figure
4.5 [40].

Secondary Vertex

Required Hits

Allowed Hits

Forbidden Hits

Track

TrackPixel Layer-2

Pixel Layer-1

Pixel B-Layer

IBL

Figure 4.5: Transverse view of the pixel detector showing for a two-track secondary vertex candidate
the hits that are either required, allowed or forbidden in the different layers in order to fulfil the
hit-pattern consistency [40].

The next step is to form multi-track vertices. Indeed, at this stage, tracks originating from the
decay of a single LLP can be used to form several two-tracks vertices. It is also possible that a
single track is used in multiple two-track vertex candidates. From all the paired tracks, a com-
patibility graph can be built by representing each track as a node and each two-track vertex as
an edge between the two corresponding nodes. Then, groups of fully compatible tracks (i.e with
corresponding nodes all connected to each other in the compatibility graph) can be extracted and
fitted as single multi-track vertices.

Each track is now associated to only one secondary vertex candidate. However, the algorithm
still allows to reconstruct multiple vertices corresponding to a single long-lived particles decay. The
next step is then to merge nearby vertices into a single one. The algorithm aims to merge each
vertex candidate by first considering the ones with the lowest track multiplicities, and trying to
combine them with the candidates with the highest ones. Two vertices are merged if the difference

47



between the two candidate positions is lower than 10σ, with σ corresponding to the uncertainty on
the difference between the two vertex positions. Additional tests (detailed in [40]) are performed
to determine whether the vertices should be merged or not. Finally, any remaining vertices that
are within 1 mm are forced to merge, and all the obtained merged vertices are refitted with all the
tracks coming from both input vertices.

The last step of the reconstruction procedure is to associate the reconstructed tracks that do
not pass the selection made during the track-pair forming step, including tracks associated to pri-
mary vertices. Indeed, this association can allow to improve the reconstruction of vertex kinematic
variables. A track is associated to a vertex if its impact parameters computed with the vertex
position as reference are sufficiently small. In the case of a track associated to more than one
secondary vertex, the track will be attached to the vertex with the highest-track multiplicity. A
final fit is then performed for each secondary vertex including all the attached tracks. The invariant
mass of each vertex can be computed from the sum of the attached tracks four-vectors, assuming a
charged pion mass for the tracks and using the track momentum vectors at the position of the vertex.

In Figure 4.6 [40], the total vertex reconstruction efficiency (i.e encapsulating the track recon-
struction and selection efficiencies and the pure vertex reconstruction efficiency) for different BSM
processes involving LLPs decaying into charged particles is shown as a function of the decay radius
of the truth LLPs. This efficiency is evaluated as the fraction of individual LLP decays that are
matched to a reconstructed secondary vertex with the matching procedure being described in [40].
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Figure 4.6: Secondary vertex reconstruction efficiency as a function of the BSM LLPs decay radius
for three different processes [40].

48



It can be seen that the efficiency starts being important above r ∼ 2 mm, which is related to
the |d0| > 2 mm cut applied to the tracks used to build two-track vertex candidates. The efficiency
decreases with increasing r, reflecting the fact that the large radius tracking efficiency degrades with
increasing radius, leading to a smaller number of reconstructed tracks and less possibilities to form
vertex candidates at large r. Furthermore, for a given lifetime, the average LLP boost increases with
r, inducing more collimated decay products and a more complicated vertex topology to reconstruct.
Moreover, the efficiency at a fixed decay radius increases with the vertex track multiplicity, the
latter being correlated to the mass of the LLP and to the number and type (quark or lepton) of
the charged particles coming from the LLP decay. This explains the differences observed in terms
of reconstruction efficiency between the different LLPs that have been considered.

4.3 Jet constituent reconstruction
To reconstruct jets, the first step is reconstructing the jet constituents. These constituents can
be built either only from calorimeter signals or from a combinaison between inner detector and
calorimeter information.

4.3.1 Topological clusters
Jet constituents that are reconstructed only from calorimeter signals are named «topological clus-
ters» (topo-clusters) [41]. A topo-cluster corresponds to a group of adjacent individual calorimeter
cells designed to extract significant signals coming from particle energy depositions in the calorime-
ters while removing contribution induced by noise. A single topo-cluster can contain the energy
contribution from several particles, and the energy deposition of an individual particle can be split
into distinct topo-clusters.

The gathering of calorimeter cells is determined with the use of the cell signal significance ςEM
cell

defined as :
ςEM
cell = EEM

cell
σEM

noise,cell
(4.1)

with EEM
cell representing the cell signal and σEM

noise,cell =
√

(σelectronic
noise,cell )2 + (σpile-up

noise,cell)2 the expected noise
in the cell coming both from electronic and pile-up. EM means that both EEM

cell and σEM
noise,cell are

measured on the electromagnetic energy scale at which the energy calibration is such that the en-
ergy deposited in the electromagnetic calorimeter by electrons and photons is correctly evaluated.
At this scale, corrections taking into account the possible loss of energy for hadrons during hadronic
showers (through the absorption of low energy hadrons in passive regions of the calorimeters for
instance) are not included.

To form topo-clusters, the algorithm starts by selecting cells passing the criterion :

|ςEM
cell | > S with S = 4 (4.2)

and by ordering them in decreasing ςEM
cell . Each of these seed cells forms a proto-cluster and is
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extended with neighbor cells that satisfy either :

|ςEM
cell | > N with N = 2 (4.3)

or :
|ςEM

cell | > P with P = 0 (4.4)

Neighbor cells as defined as two calorimeter cells either directly adjacent in a given sampling layer
or being in adjacent layers and having at least a partial overlap in the (η, φ) plane. If a neighbor
cell satisfies the threshold defined by N , its neighbor are also included to the proto-cluster. If a
neighbor cell is a proto-cluster satisfying the threshold defined by S, the two proto-clusters are
merged. Moreover, if a cell is adjacent to two different proto-clusters and passes the threshold
defined by N , the two proto-clusters are merged as well. Finally, this procedure of extending a
proto-cluster ends when the last set of neighbor cells pass the threshold defined by P but not the
one defined by N , and the algorithm then starts to consider the next seed.

In this way, topo-clusters are formed as a core of highly significant cells surrounded by less
significant ones. Their energy and barycentre coordinates are calculated as EEM

clus = ∑
EEM

cell ,
ηclus = (∑ |EEM

cell | · ηcell)/(
∑ |EEM

cell |) and φclus = (∑ |EEM
cell | · φcell)/(

∑ |EEM
cell |) with the sum occur-

ring on all the associated cells. Given the fact that each topo-cluster is interpreted as a massless
pseudo-particle, EEM

clus, ηclus and φclus are sufficient to determine its four-vector.

It can be noted that the energy of a cell EEM
cell can be negative, as the result of fluctuations

mainly caused by out-of-time pile-up. Indeed, the pulse shape in the cells of the electromagnetic
calorimeter contains a negative part at response time higher than 100 ns as shown in Figure 4.7
[41] : this shape has been designed in this manner in order to cancel in average contributions from
in-time pile-up by the ones from out-of-time pile-up coming from previous bunch crossings.

Figure 4.7: Pulse shape in the LAr calorimeters with td being the charge collection time [41].
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Because the thresholds are applied to the absolute value of ςEM
cell , cells with large negative signals

can be used as seeds to form topo-clusters and cells with negative signals can also be considered
during the extension step of a proto-cluster having a positive energy. Topo-clusters reconstructed
from negative seed cells will often have a total energy EEM

clus negative, because of the correlation
between the seed cell and its neighbors that are also likely to have a negative signal. The number
of such negative clusters can be used as an estimator of out-of-time pile-up induced by particle
depositing energy more than 100 ns before the considered event. On the other hand, topo-clusters
coming from energy deposits in previous bunch crossings but closer in time (i.e within a time in-
terval inferior to 100 ns) are likely to have a positive energy. Topo-clusters having EEM

clus < 0 can be
used to determine an average cancellation of topo-clusters from out-of-time pile-up having EEM

clus > 0.

Finally, only topo-clusters with a strictly positive energy are considered to serve as jet con-
stituents, because negative topo-clusters are considered to be uncorrelated to the reconstructed
signal of the considered event.

An additional step named «Local hadronic calibration» can be applied on each topo-cluster to
correct the non-compensating calorimeter response resulting in smaller signals for hadrons com-
pared to electrons or photons depositing the same energy. It also allows to remedy the losses of
signals either due to clustering (coming from the intrinsic noise suppression that can remove true
signal in particular regions of the detector) or energy deposits in inactive material.

The corrections applied depend on the particles at the origin of the energy deposit forming the
topo-cluster, i.e either hadronic or electromagnetic. The first step of the calibration is to compute
for each topo-cluster the probability PEM

clus that it has been generated by an electromagnetic shower.
Such probabilities have been determined using MC simulations of single charged and neutral pions
entering the calorimeters, producing respectively hadronic and electromagnetic showers. The prob-
abilities have been derived in bins defined by topo-cluster variables such as EEM

clus, ηclus and other
ones describing the shape and the internal signal distribution of the topo-clusters.

Once PEM
clus has been computed for a given cluster, a weight is computed for each cell of the

topo-cluster in order to correct the loss of energy during hadronic showers with respect to electro-
magnetic ones. It is computed as wcal

cell = PEM
clus · wem-cal

cell + (1 − PEM
clus) · whad-cal

cell , where wem-cal
cell and

whad-cal
cell represent respectively the electromagnetic and hadronic cell correction factors derived with

MC simulations of pions as a function of variables describing the cell itself and the topo-cluster it
belongs to. Additional weights are applied to the cells in order to correct for signal losses due to
clustering and energy deposits in dead material.

Finally, the energy of a topo-cluster after the local calibration is given by ELCW
clus = ∑

wLCW
cell ·EEM

cell
with the sum occurring on all the associated cells and wLCW

cell taking into account the different
corrections. The topo-cluster barycentre coordinates ηclus and φclus are re-computed since they may
be different from the ones at the EM scale. The topo-clusters obtained after this calibration are
said to be at the LCW scale and are named «LCTopo clusters», while the uncalibrated ones are at
the EM scale and are designated as «EMTopo clusters».
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In order to exploit the complementarity between the calorimeters and the inner detector in-
formations, tracks and topo-clusters can be combined to build new type of jet constituents. In
ATLAS, different manners of combining them are used, allowing to construct different objects : the
Particle Flow (PFlow), The Track-CaloCluster (TCC) and the Unified Flow Object (UFO).

4.3.2 Particle Flow
The majority of the analyses that were conducted in ATLAS during the Run-1 of the LHC used
jets built only from clusters of calorimeter cells. Then, a global jet reconstruction was put in place,
performing better as the tracks associated to the jets are also considered.

The Particle Flow constituents [42] have been developed as an alternative to topo-clusters to
take advantage of the complementarity between tracks and clusters information. The benefits to
this combination are the following :

• The angular resolution of a charged particle is better, as it uses the tracker rather than the
calorimeter.

• Tracks are reconstructed only for charged particles while the calorimeter is able to measure
energy deposits for both charged and neutral particles.

• Each reconstructed track can be associated to a vertex from which it originates, and thus
tracks from the hard scattering vertex can be differentiated from tracks starting at pile-up
vertices.

• At high energy, the calorimeter energy resolution is greater than the tracker transverse mo-
mentum resolution, while it is the opposite at low energy.

• Low-pT charged particles that should be part of a jet can move out of the jet cone due to
the magnetic field by the time they reach the calorimeters. By considering the corresponding
track coordinates, these particles can be included in the jet.

• The tracker acceptance is limited to |η| < 2.5, while the calorimeters are able to cover up to
|η| < 4.9.

The principle of the Particle Flow algorithm is to determine whether the calorimeter or the
inner detector measurement should be used to construct each constituent. If the track of a charged
particle is used, the corresponding energy has to be subtracted from the calorimeter energy mea-
surement to avoid double counting of the particle energy.

The Particle Flow algorithm is detailed in Figure 4.8 [42]. It starts with the selection of tracks
and topo-clusters at the LCW scale. Tracks are required to have at least nine hits in the silicon
detectors, and must have no missing Pixel hits when they would be expected : with these require-
ments, the number of badly reconstructed tracks is minimized. Moreover, tracks with pT > 40 GeV
are not selected because the particles that create such tracks are often poorly isolated, and that
could compromise the energy subtraction procedure that is expected to be precise. Tracks that are
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matched to electrons or muons are also rejected : the algorithm is optimized to subtract energy
from hadronic particles.
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Figure 4.8: Schematic of the Particle Flow algorithm [42].

The algorithm continues by matching each selected track to one topo-cluster. It is done by
considering the variable defined as :

∆R′ =

√√√√(∆φ
σφ

)2 + (∆η
ση

)2 (4.5)

where ∆φ and ∆η are the distances between the barycentre of the cluster and the track that is
extrapolated to the second layer of the EM calorimeter, and ση and σφ correspond to the angular
topo-clusters width [41]. The topo-clusters are preliminarly selected by demanding Eclus/ptrk > 0.1,
with Eclus the topo-cluster energy and ptrk the track momentum. Then, the closest pre-selected
cluster in ∆R′ to the track is taken to be the matched topo-cluster. The ∆R′ distance between the
matched topo-cluster and the track has to be below 1.64 : if no cluster is found in a cone of size
∆R′ = 1.64 around the track position, the track is retained and no energy subtraction is performed.

For a track that has been matched to a topo-cluster, the expected deposited energy 〈Edep(ptrk)〉
that will be subtracted from the topo-cluster has to be evaluated. It can be written as :

〈Edep(ptrk)〉 = ptrk〈Eclus
ref /p

trk
ref 〉 (4.6)

where 〈Eclus
ref /p

trk
ref 〉 has been determined by considering simulated samples of signal-charged particles

with a given ptrk
ref , with Eclus

ref computed by summing the energies of the topo-clusters contained in
a ∆R = 0.4 cone around the track extrapolated position. Eclus

ref /p
trk
ref distributions are evaluated

in bins of pT and η of the track. One can determine the mean value and the standard deviation
σ(Edep) of the expected deposited energy distributions.

The next step is to add other topo-clusters to the one that has been firstly matched with the
procedure previously described. Indeed, particles do not always deposit their energy into a single
topo-cluster, especially for the highest track pT value. To determine if the hadronic shower is split
into several topo-clusters or not, the energy of the matched topo-cluster Eclus is compared to the
expected energy 〈Edep〉. If Eclus < 〈Edep〉 − σ(Edep), it is decided that other topo-clusters have to
be added to the already matched one : the clusters within a cone of ∆R < 0.2 around the track
position are matched to the track.
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Finally, the energy subtraction is performed. If 〈Edep〉 is superior to the total energy of the
collection of matched topo-clusters, the latter are simply removed. Otherwise, the subtraction is
executed cell-by-cell : the cells of the matched topo-clusters are ranked in descending order of
energy, and the energy is removed from the most energetic cell to the lowest one until the total
subtracted energy reaches 〈Edep〉.

The last step is to consider the remaining energy in the matched topo-clusters after the energy
subtraction procedure, and to compare it to 1.5σ(Edep) : if the remnant energy is below 1.5σ(Edep),
the remaining cells are removed because the corresponding energy is compatible with the particle
shower and its fluctuations. Otherwise, the remaining topo-clusters are kept, and correspond to a
case where they contain an energy contribution from more than one particles.

The process is then repeated for all the tracks of the event. The final set of constituents
then corresponds to the selected tracks that are called Charged Particle Flow Objects, the re-
maining topo-clusters after the track energy subtraction step and the unmodified topo-clusters (i.e
unmatched to any tracks) that are both named Neutral Particle Flow Objects. The four-vector
of a Charged Particle Flow is computed by considering the track momentum and by setting its
mass equal to the charged pion mass. Concerning the topo-clusters modified by the energy cell
subtraction, the barycentre coordinates η and φ (and thus the four-vector) are recomputed.

4.3.3 TrackCaloCluster
The TrackCaloCluster constituents [43] also correspond to objects that are made by combining
inner detector tracks and clusters information, and exploiting both the superior angular resolution
of the tracker and the excellent energy resolution of the calorimeters. In this case, the advantages
of using these objects is to improve the resolution of the reconstructed jet mass and substructure
variables. The latter aim at describing the internal energy structure within a jet and are funda-
mental in the tagging of jets initiated by bottom or top quarks for instance. They also help to
discriminate between jets initiated by light quarks and specific jet topologies, like jets from boosted
Z or W bosons decaying to a pair of quarks that will produce two highly collimated jets.

Like the Particle Flow algorithm, the TCC one is also based on a geometric matching between
tracks and topo-clusters, but it relies on an energy sharing procedure instead of an energy sub-
traction algorithm. It is also based on an extrapolation of the tracks to the calorimeters, which
is more and more accurate as the tracks momentum increases because the charged particles are
less curved by the magnetic field. Moreover, the track extrapolation uncertainty is found to be
generally smaller than the angular width of the topo-clusters as defined in the previous section, for
a large range of pT and η track values.

The first step of the algorithm is to match every track passing quality criteria to every topo-
cluster calibrated at the LCW scale. In this matching process, the track extrapolation uncertainty
is first compared to the width of the topo-cluster : if the extrapolation uncertainty is higher than
the topo-cluster width, the track is not considered. Otherwise, the angular distance ∆R between
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the extrapolated track and the centroid of the topo-cluster is compared to
√
σ2

cluster + σ2
track, where

σcluster =
√
σ2
η + σ2

φ is the topo-cluster width, and σtrack is the track extrapolation uncertainty : if
∆R <

√
σ2

cluster + σ2
track, the track and the cluster are considered to be matched. In particular at

high pT , this requirement becomes ∆R . σcluster.

Three types of TCC objects are built with this matching process : tracks from the hard scat-
tering primary vertex that are matched to topo-clusters, topo-clusters that are not matched to any
tracks from any vertex, and tracks from the primary vertex that are not matched to any topo-
clusters. They are respectively named combined, neutral and charged TCC constituents. The
tracks coming from pile-up vertices that are matched to topo-clusters are not used to build TCC
objects.

The next step of the algorithm is to build a new four-vector for each TCC constituent and
several cases can be possible.

If a single track coming from the hard scattering vertex is matched to only one topo-cluster
such as the case 1 in Figure 4.9 [43], the four-vector is computed as follow :

TCC 1 = (pc1
T , η

t1 , φt1 ,mc1 = 0) (4.7)

where ci and ti refer respectively to the topo-cluster and the track in the example i with i ∈ J1; 7K.
In this example, the combined object obtains the angular information of the track and the trans-
verse momentum of the matched cluster.

For a topo-cluster that is not matched to any tracks ( 2 ), the four-vector is directly the topo-
cluster’s one :

TCC 2 = (pc7
T , η

c7 , φc7 ,mc7 = 0) (4.8)

In the same way, the four-vector of a track from the hard scattering vertex that is not matched to
any topo-clusters ( 3 ) is also directly used to build the TCC :

TCC 3 = (pt6T , ηt6 , φt6 ,mt6 = 0) (4.9)

Several tracks from the hard scattering vertex can be matched to the same topo-cluster : in this
case, one combined TCC will be created for each track. Each of them will used the track angular
coordinates and the energy of the topo-cluster will be shared between all the tracks. If only two
tracks are matched to the same topo-cluster ( 4 and 5 ), the four-vectors will be defined as :

TCC 4 = (pc2
T

pt2T
pT [pt2 + pt3 ] , η

t2 , φt2 ,mc2
pt2T

pT [pt2 + pt3 ] = 0) (4.10)

TCC 5 = (pc2
T

pt3T
pT [pt2 + pt3 ] , η

t3 , φt3 ,mc2
pt3T

pT [pt2 + pt3 ] = 0) (4.11)

with pT [pa + pb] referring to the transverse momentum of the sum of the four-vectors pa and pb.
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Cases where a track is matched to multiple topo-clusters that can be matched to other tracks
imply a more complex energy sharing computation formula. To construct such constituents, the
first step is to collect all the topo-clusters that are matched to a given track. For each of those
matched topo-clusters, the energy is divided between all the tracks that match the considering topo-
cluster, based on ptiT /pT [∑j ptj ], the pT fraction of a track i relatively to all the matched tracks.
The importance of each topo-cluster compared to all of the other topo-clusters that are matched
to a track is also evaluated. Finally, the four-vector of the TCC will use the angular coordinates
of the track and a transverse momentum and a mass computed with an equation that will not be
detailed here, but that can be found in [43]. Such cases are illustrated by 6 and 7 in Figure 4.9.

It can be noted that for a combined TCC, the mass of the resulting four-vector will be zero
if the track is matched to a single topo-cluster, and non-zero if it is matched to more than one
topo-cluster. Moreover, during the topo-cluster energy sharing, tracks from all vertices (including
pile-up ones) are selected if they are matched to the topo-cluster, but tracks from pile-up are not
used to build one TCC object. Indeed, the combined TCCs that are reconstructed must originate
from the hard scattering vertex.
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Figure 4.9: Schematic of some possible TCC objects that can be built [43].
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4.3.4 Unified Flow Object
The PFlow algorithm has been designed to improve jet reconstruction performances at low pT ,
while the TCC algorithm is more efficient at high pT . Indeed, at higher pT values, the angular
resolution of the inner detector deteriorates, and the PFlow algorithm cannot be used. Moreover,
studies have shown that PFlows and TCCs present opposite trends in terms of tagging performance
or pile-up stability for instance.

These observations motivated the development of a new type of constituents called Unified Flow
Objects (UFOs) [44], that correspond to a combinaison of PFlow and TCC in order to obtain an
optimal performance across a large kinematic range. The UFO algorithm is presented in Figure
4.10 [44].
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Figure 4.10: Schematic of the Unified Flow Objects algorithm [44].

It starts by applying the PFlow algorithm as described before : charged PFlows that are matched
to pile-up vertices are rejected (that corresponds to the Charged Hadron Subtraction (CHS) step
that will be discussed in section 4.3.5). A set of PFlows remains that can be catalogued into three
categories : neutral PFlows, charged PFlows for which the energy subtraction procedure has been
executed and charged PFlows for which no subtraction has been done due to the high pT value of
the track or to its dense environment. Pile-up mitigation algorithms like Constituent-Subtraction
(CS) or Soft-Killer (SK) (also discussed in section 4.3.5) can be applied to neutral PFlows.
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The TCC algorithm is then applied to the remaining PFlows with a modification : only tracks
from the primary vertex will be used during the energy splitting process. Moreover, tracks that cor-
respond to a charged PFlow for which the expected energy has been subtracted from the calorimeter
are not considered and remain unchanged. The TCC algorithm is executed as described before with
neutral PFlows instead of topo-clusters and with tracks and un-subtracted charged PFlows coming
from the primary vertex.

Finally, this process of building jet input constituents allows to benefit from the performance
of the PFlow energy subtraction at low pT and of the cluster energy splitting at high pT . The per-
formances in terms of tagging or pile-up stabilities for jets that used UFOs as inputs are increased
relatively to LCTopo, PFlow or TCC jets across a large range of pT values.

For example, Figure 4.11 [44] presents the background rejection (i.e the reciprocal of the
background-jet tagging efficiency) as a function of signal efficiency for a tagger that uses sub-
structure variables to tag top quark jets, comparing different jet input constituents. It can be seen
that the jets built from UFO present superior performances to TCC and PFlow jets across all the
pT range that is considered. Indeed, for UFO jets, the background rejection at a fixed tagging
efficiency is always higher than the one corresponding to TCC and PFlow jets.
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Figure 4.11: Background rejection as a function of signal efficiency for a tagger using substructure variables
to tag top quark jets. For two different range in top quark ptrue

T , a comparison between different jet input
constituents is shown, including topo-cluster (LC Topo), Track-CaloCluster (TCC), Particle Flow (EM
PFlow) and Unified Flow Object (UFO) (the trimming will be described in section 4.4.2) [44].
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4.3.5 Pile-up mitigation algorithms
This section describes the different algorithms that can be applied to jet constituents in order to
remove pile-up contributions from the signal of interest.

Charged Hadron Subtraction The Charged Hadron Subtraction (CHS) is a technique that can
be applied to reduce contribution from in-time pile-up by removing charged constituents which are
associated to pile-up vertices and thus will not be used to form jets. In particular, this procedure
is applied at the beginning of the UFO algorithm to the charged PFlows that served as inputs.

Constituent Subtraction and Soft-Killer The Constituent Subtraction (CS) algorithm [45]
is based on the estimation of the pile-up energy density in the event. This pile-up density ρ is
estimated event-by-event as the median of the pT/A distribution of all jets reconstructed with the
kt algorithm with R = 0.4, where A is the jet area in the (η, φ) plane (the jet area and the clustering
algorithms will be described in section 4.4.1). Then, massless low-pT virtual constituents are added
to the event such as they uniformly cover the (η, φ) plane. These constituents are qualified as
«ghost constituents», and their transverse momentum pg

T satisfy :

pg
T = Ag × ρ (4.12)

where Ag is the area of the ghosts which is set to 0.01. In this way, pg
T accounts for the expected

pile-up contribution in a small area ∆η × ∆φ with ∆η = ∆φ = 0.1. Once the ghosts have been
added to the event, the distance ∆Ri,k in the (η, φ) plane between each constituents i and ghosts
k is calculated. All the constituent-ghost pairs are then sorted in ascending order of ∆Ri,k and the
pile-up mitigation algorithm proceeds iteratively by starting from the pair with the lowest ∆Ri,k.
At each step, the constituent and ghost transverse momentum are modified according to :

If pT,i ≥ pg
T,k : pT,i → pT,i − pg

T,k and pg
T,k → 0 GeV (4.13)

Otherwise : pT,i → 0 GeV and pg
T,k → pg

T,k − pT,i (4.14)

until only pairs with ∆Ri,k > ∆Rmax remain, with ∆Rmax set to 0.25 in order that only nearby
ghosts are used to correct the transverse momentum of a given constituent [46]. After the proce-
dure, all the ghosts and the constituents with zero transverse momentum are removed from the
event.

The Soft-Killer (SK) algorithm [47] consists in applying a cut on the constituent transverse
momentum in order to remove pile-up contributions corresponding to low-pT emissions. The pT
cut value is determined event-by-event. First, the detector is divided into a grid in the (η, φ) plane
with patches of dimensions equal to ∆η = ∆φ = 0.6 [46]. Then, the pT threshold is determined
such that after the cut, half of the patches will be empty and will not contain any constituents.
With this choice, the resulting pile-up density defined previously satisfies ρ ∼ 0.

Both CS and SK algorithms are applied in this order at the beginning of the UFO algorithm to
the neutral PFlows that served as inputs.
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4.4 Jet reconstruction

4.4.1 Jet clustering
The jet clustering algorithms aim to regroup reconstructed constituents to define jets.

In ATLAS, the jet clustering algorithm that is used is the anti-kt algorithm [48] and it is executed
with the FastJet software [49]. It takes as inputs the four-vectors computed for each reconstructed
constituents in a given event. It starts by computing the distances :

for each pair of constituents : dij = min(1/p2
T,i, 1/p2

T,j)× (∆Rij/R)2 (4.15)

for each constituent : diB = 1/p2
T,i (4.16)

with ∆Rij =
√

(yi − yj)2 + (φi − φj)2 the angular distance between the two constituents i and j and
R the radius of the jet which is a free parameter of the algorithm. Then, the algorithm considers
the minimum distance among all the dij and diB that have been computed. If this minimum is a
distance between two constituents i and j, these two constituents are combined to form a new one
defined by the addition of the two four-vectors. This entity is then added to the set of remaining
constituents while the i and j ones are removed and will not be used during future iterations. If
the minimum is one of the diB, the constituent i (which can come from the combination of several
constituents during previous iterations) is considered as a final jet and is removed from the set
of constituents. All the possible distances dij and diB are then recomputed and the procedure is
repeated until no constituents are left.

Given the expression of dij, this procedure tends to cluster the highest pT constituents with
nearby ones before considering the clustering of pair of low pT constituents : in this way, the shape
of the jets produced by the anti-kt algorithm is not sensitive to the soft constituents that served as
inputs, especially to the ones coming from soft emissions during the parton shower. In the case of
a high pT constituent surrounded only by low pT ones within a distance of 2R, the algorithm will
simply cluster all the soft constituents within a cone of radius R, producing a jet having a circular
shape in the (η, φ) plane.

After the clustering procedure, the four-vector of a jet can be computed by summing the four-
vectors of the constituents that belong to it, and the jet kinematic variables, such as the energy,
the mass, the angular coordinates or the transverse momentum can be deduced. The corresponding
constituent four-vectors can also be used to compute jet substructure variables that describe the
jet internal energy distribution. Such variables are often used to characterize jets according to the
nature of the particle from which they originate (light quark versus gluon, bottom quark or more
massive particles such as top quark, W , Z or Higgs boson).

In order to estimate the area A of a jet, which is notably used in the Constituent Subtraction
algorithm described in section 4.3.5, a technique named «ghost association» is used. This procedure
starts by adding to the considered event virtual constituents named ghosts having an infinitesimal
pT and uniformly covering the (η, φ) plane. Then, these ghosts are taking into account during
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the clustering process in addition to the reconstructed constituents. Because of their infinitesimal
momentum, these ghosts do not affect the physics of the jet clustering procedure but are simply
combined along physical constituents. Given the fact that each ghost has a known area in the (η, φ)
plane, the area of a given jet is estimated by summing the area of all the ghosts that have been
associated to it. For a jet reconstructed with the anti-kt algorithm and not overlapping with an
other jet, its area verifies A ≈ πR2, with R the radius parameter.

Two other algorithms, differing only on the definition of dij and diB, are also commonly consid-
ered to cluster constituents : the kt algorithm with dij = min(p2

T,i, p
2
T,j)× (∆Rij/R)2 and diB = p2

T,i

and the Cambridge/Aachen algorithm with dij = (∆Rij/R)2 and diB = 1. Regarding these defini-
tions, the kt algorithm tends to cluster first pair of soft constituents while the Cambridge/Aachen
one regroup in priority closest constituents no matter what are their transverse momentum.

Moreover, these jet clustering algorithms can be applied in the same way to truth particles
obtained from MC simulations as inputs instead of reconstructed constituents. These truth parti-
cles correspond to the stable final-state ones (except muons, neutrinos and particles from pile-up
interactions) obtained after the simulation of the hadronization, and before the simulation of the
interaction with the detector. In this case, the jets obtained are named «truth jets» while the
ones built from reconstructed constituents are named «reconstructed jets». In MC based studies,
the quantities calculated from truth jets such as the energy or the mass serve as reference for the
corresponding reconstructed quantities.

In ATLAS, the most common values for the radius R are either R = 0.4 or R = 1.0. The former
is used to reconstruct jets initiating by light quarks or gluons (small-R jets), and the latter is used
to reconstruct boosted hadronically decaying W , Z, Higgs bosons or top quarks (large-R jets).

4.4.2 Jet grooming algorithms
Using large-R jets allow to efficiently capture the majority of the decay products. However, these
jets also capture more particles from pile-up or from the underlying event, strongly impacting the
calculation of jet substructure variables. To mitigate these sources of contamination, grooming
algorithms can be applied to the reconstructed large-R jets. Moreover, these algorithms also allow
to reconstruct better the jet energy and mass with respect to the truth jet ones.

The first algorithm used in ATLAS is named «Trimming» [50]. The procedure is divided into
several steps. First, for each reconstructed jet, the corresponding constituents are reclustered
into sub-jets with a radius Rsub smaller than the radius of the jet (the algorithm used for the
reclustering can be different from the one used during the clustering into large-R jets). Secondly,
the algorithm discards the sub-jets having a transverse momentum such as psub

T < fcut × pT , with
fcut corresponding to a parameter of the algorithm and pT being the transverse momentum of the
jet that is considered. Finally, the constituents from the remaining sub-jets form the trimmed jet.
The parameter values commonly used in ATLAS are Rsub = 0.2 and fcut = 0.05, and it is the kt
algorithm that is generally used for the reclustering.
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The second algorithm which is generally considered is named «Soft-drop» [51]. Such as in the
trimming algorithm, the Soft-drop procedure starts by the reclustering of the constituents of a
given jet. It is done with the Cambridge/Aachen algorithm in order to firstly regroup the closest
constituents together. Secondly, the jet j is divided into two sub-jets, j1 and j2, corresponding to
the ones that form the last pair during the Cambridge/Aachen clustering. If the two sub-jets satisfy
the condition : min(pT,1, pT,2)/(pT,1 + pT,2) > zcut(∆R12/R)β, with pT,i the transverse momentum
of the sub-jet i, ∆R12 the distance between the two sub-jets in the (η, φ) plane, R the radius of
the jet and zcut and β two parameters of the algorithm, then the jet j is the final soft-dropped jet.
Otherwise, the sub-jet with the lowest pT is discarded and j is redefined as the sub-jet with the
highest pT , and the condition is verified again on this new jet. The procedure is repeated until the
inequality described previously is satisfied : the remaining constituents form the soft-dropped jet.
The parameter values commonly used in ATLAS are zcut = 0.1 and β = 1.

4.4.3 Jet calibration
Due to detector effects like the energy losses in non active materials or the non-compensating nature
of the calorimeters, the reconstructed jet kinematic observables are in general different from the
truth jet ones. For example, the jet energy response, defined as the ratio between the reconstructed
jet energy and the truth jet one, is generally different from one. As a consequence, the reconstructed
jets are corrected and calibrated in order to coincide with truth jets. This jet calibration is done
in several steps that are schematized in Figure 4.12 and that will briefly summarized below [52].

Applied as a function of
event pile-up pT density

and jet area.

Removes residual pile-up
dependence, as a 

function of μ and NPV.

Reconstructed
jets

Jet finding applied to 
tracking- and/or 

calorimeter-based inputs.

Corrects jet 4-momentum
to the particle-level energy
scale. Both the energy and

direction are calibrated.

Reduces flavour dependence
and energy leakage effects

using calorimeter, track, and
muon-segment variables.

A residual calibration
is applied only to data
to correct for data/MC

differences.

pT-density-based
pile-up correction

Residual pile-up
correction

Absolute MC-based
calibration

Global sequential
calibration

Residual in situ
calibration

Figure 4.12: Schematic of the jet calibration [52].

With the exception of the «Residual in situ calibration» which is derived from data, all the steps
of the calibration chain are derived from MC simulations. Indeed, to derive the different corrections
that must be applied, it is necessary to have a truth correspondence for each reconstructed jets.
It is done by simulating the interactions with the detector of the truth particles thanks to Geant4
[34] : the reconstructed jets from MC simulations can then be formed in the same way as the ones
from data signals, and each of them can be matched to a truth jet.
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The first step of the calibration is a correction that aims to remove the energy contribution
coming either from in-time or out-of-time pile-up. Two different corrections are applied to the
transverse momentum of the reconstructed jet : the first one is applied as a function of the jet area
and the pile-up density (computed in a similar way as in the CS algorithm), while the second one is
evaluated as a function of the number of primary vertices in the event NPV and the mean number of
interactions per bunch crossing µ, which are variables respectively quantifying the in-time and the
out-of-time pile-up. These two corrections correspond to the «pT -density-based pile-up correction»
and «Residual pile-up correction» blocks in Figure 4.12.

Secondly, the reconstructed jet four-vector is calibrated with a correction of the jet energy and
η position. The calibration factors have been derived from simulations as a function of the re-
constructed jet energy and η. More precisely, each reconstructed jet obtained from simulation is
matched to a truth jet, before distributions of the energy response Ereco/Etrue or the η response
ηreco − ηtrue being derived in bins of E and η. From these distributions, the jet energy scale factors
and η corrections are evaluated. This step corresponds to the «Absolute MC-based calibration»
block in Figure 4.12.

Because differences between the reconstructed and truth jets can also be due to the flavor and
energy distribution of the constituents for instance, an additional calibration step corresponding to
a series of multiplicative corrections is executed to reduce such dependencies, while not changing
in average the corrected jet energy obtained from the «Absolute MC-based calibration». Theses
corrections are derived as a function of several jet observables that either describe the longitudinal
structure of the energy deposited in the calorimeters, the tracks associated to the jet or the activity
in the muon chambers behind the jet. This step is named «Global sequential calibration» in Figure
4.12.

Finally, the last step of the calibration is applied only to jets reconstructed from data, and
aims to correct the remaining differences between data and MC simulation that can come from
the imperfect simulation of the particle interactions with the detector. This correction is deter-
mined by exploiting the transverse momentum conservation in events containing one jet and a
well-reconstructed object, such as a photon or a leptonically decaying Z boson. Momentum imbal-
ance between the jet and the reference object can be evaluated in simulation and in data, and the
differences are interpreted as corrections that need to be applied to data jets. This step corresponds
to the «Residual in situ calibration» block in Figure 4.12.

All of these steps are applied on small-R jets but it is not the case for large-R jets : concerning
the latter, the «Global sequential calibration» and the two pile-up corrections are not applied since
grooming algorithms are executed.
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4.5 Improvement on UFO jet performances
Studies on small-R jet performances have demonstrated small degradations for small-R jets built
from UFO constituents with respect to PFlow jets, especially for jets located at the end of the inner
detector acceptance (|η| = 2.5). For example, the Figure 4.13 [53] shows the jet energy resolution
(defined in section 4.5.3) after the jet energy scale calibration as a function of the truth jet |η|
for small-R jets built either from UFO or PFlow constituents. It can be seen that the jet energy
resolution is similar between the two types of jets except between |η| = 2.4 and |η| = 2.8 where the
jet energy resolution is poorer for UFO jets.
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Figure 4.13: Relative jet energy resolution after the jet energy scale calibration as a function of the
truth jet |η| for small-R jets built from UFO and PFlow constituents [53].

The ATLAS authorship qualification task that I worked on was to understand the origin of
this unexpected degradation and to explore different ways of improving the UFO reconstruction
algorithm.

4.5.1 MC samples and event reconstruction
The UFO jet performances are studied by comparing UFO jets reconstructed from simulations to
the corresponding truth jets. The MC samples used for the studies have been produced using
Pythia 8.235 [30] with the NNPDF2.3LO parton distribution functions set [54] and the A14 set of
tuned parameters [55] at a center-of-mass energy of

√
s = 13 TeV.

The physics process that has been simulated corresponds to the production of two partons in
the final state, leading to QCD di-jet events. These di-jet events have been generated in slices of
truth jet pT in order to have a sufficient statistic across a large kinematic range (from 60 to 4600
GeV).
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The jet input constituents that are used are :

• the UFO on which the CHS and CS+SK algorithms are applied,

• the PFlow on which only the CHS procedure is applied.

They are clustered into jets with the anti-kt algorithm thanks to the FastJet software with an
angular radius of 0.4. For each event, in addition to the truth jets, two collections of reconstructed
small-R jets are thus considered : UFO and PFlow jets.

4.5.2 Selections
The events are selected to have at least two reconstructed jets. To be considered in the following
studies, each reconstructed jet (UFO or PFlow) must be matched to a truth jet. A reconstructed jet
is matched to a truth one if the angular distance that separates them satisfies ∆R < 0.3. Moreover,
each reconstructed jet must not have any other reconstructed jet within a distance of ∆R < 0.6. In
addition, a reconstructed jet is not considered if it is matched to a truth jet having an other truth
jet within a distance of ∆R < 1.0.

These isolation requirements allow to ensure the samples studied consist essentially of QCD jets
from high-momentum partons, which are not contaminated by hadronic activity from pile-up or
the underlying event. Indeed, the modelling of the latter is poorer, and such activity could thus
lead to bias in the studies.

4.5.3 UFO and PFlow jet performances
The UFO and PFlow jet performances are evaluated by considering the jet energy, mass and an-
gular resolutions. To evaluate these resolutions, distributions of the variables ∆η = ηtrue − ηreco,
∆φ = φtrue − φreco, Er = Ereco/Etrue and Mr = Mreco/Mtrue are considered : η and φ correspond
to the jet angular coordinates, E and M to the jet energy and mass, «reco» designates the re-
constructed jet before any calibration while «true» accounts for the truth jet. These variables are
respectively named the individual jet η, φ, energy and mass responses, and their distributions are
derived in bins of truth jet pT and η. In Figure 4.14, normalized distributions of ∆η, ∆φ, Er and
Mr are represented for both UFO and PFlow jets for one interval in η and pT .

Then, the jet η, φ, energy and mass resolutions are defined as the inter-quartile range at 68 %
of their respective response distributions. They quantify the width of these distributions around
the most probable value, and thus are desired to be as small as possible.

Performances at the end of the tracker acceptance The performances in the forward region
of the detector (η ≥ 2.5) can only be considered with low-pT (below ∼ 600 GeV) small-R jets,
because high-pT jets tend to have central η values (cf Figure 4.15).
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Figure 4.14: Normalized distributions of (a) ∆η, (b) ∆φ, (c) Er and (d) Mr for UFO and PFlow jets.

Figure 4.16 shows the distributions of ∆η for UFO and PFlow jets in bins with η around ±2.5.
The degradation for UFO jets is highlighted in these distributions which are larger for UFO jets
compared to the PFlow jet ones.

Moreover, in bins with η close to 2.5(−2.5), the UFO distributions are displaced to positive
(negative) values while the distributions for PFlow jets are rather centered at 0. Because ∆η =
ηtrue−ηreco, it demonstrates that there is an amount of UFO jets located around |η| = 2.5 for which
the reconstructed |η| is significantly inferior to the truth value, while this behavior is not observed
for PFlow jets.
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The main difference between jets built from PFlow and UFO constituents is the possibility for
the latter to contain combined constituents, which are constructed by combining information from
a track and one or more clusters. Consequently, the possible correlation between the jet angular
response and the jet energy fraction of combined constituents, given by ∑

econstituent/Ejet with the
sum occurring on the combined constituents of the jet, has been explored.

In Figure 4.17, the jet η resolution for UFO jets is shown as a function of the UFO jet energy
fraction of combined constituents in (a) the central part of the detector and (b) the forward region
corresponding to |η| > 2.5. The resolution for PFlow jets can also be shown as a function of the
corresponding UFO jet energy fraction of combined constituents, as each PFlow jet and its corre-
sponding UFO jet are matched to the same truth jet.

In the forward region, it can be observed that that disparities between UFO and PFlow jets
appear with increasing combined energy fraction : for UFO jets that are mainly composed of com-
bined constituents, the jet angular response is significantly worse compared to PFlow jets.

On the other hand, in the central region of the detector, the jet η resolution is similar between
PFlow and UFO jets, even with UFO jets having an important energy fraction of combined con-
stituents. It thus confirms that the observed degradations in the forward region are related to the
UFO combined constituents.
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Figure 4.16: Normalized distributions of ∆η for UFO and PFlow jets in bins corresponding to ηtrue values
close to the end of the inner detector coverage.
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Figure 4.17: Jet η resolution as a function of the UFO energy fraction of combined constituents for
jets located (a) in the central part of the detector and (b) in the forward region. For each PFlow jet,
the combined fraction that is considered is the one from the corresponding UFO jet, i.e the one that is
matched to the same truth jet.
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4.5.4 Modified TCC algorithm
As described in section 4.3.3, each combined constituent always inherits its angular coordinates η
and φ from the corresponding track. This allows to explain the fact that a UFO jet located around
the end of the inner detector acceptance and that contains a significant amount of combined con-
stituents can have a global η value that is brought to the central part of the detector.
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Figure 4.18: (a) Topo-cluster width as a function of the topo-cluster energy and (b) uncertainty on
the extrapolation of a track to the calorimeter as a function of the track η coordinate, all evaluated in
W ′ →WZ → q̄qq̄q events with mW ′ = 1 TeV [43].

Indeed, clusters located at |η| ≥ 2.5 can only be matched to tracks with an |η| coordinate strictly
below 2.5. However, a track is matched to a cluster if the angular distance in (η, φ) between the
track and the cluster satisfies ∆R < ∆Rcut =

√
σ2

cluster + σ2
track, with σcluster the topo-cluster width

and σtrack the track extrapolation uncertainty. In this way, in the case of a high energy cluster
having a width about 0.1 and its barycentre located at η ∼ 2.55, a track located at η ∼ 2.45 can be
matched to it, changing the combined η position regarding the topo-cluster one, and thus notably
affecting and decreasing the η position of the UFO jet that will contain this constituent.

In order to possibly improve the jet angular reconstruction performances, a fixed value for ∆Rcut

independent from σcluster or σtrack has been tested. Considering the dependence of the cluster width
and track extrapolation uncertainty as a function of the cluster energy and track η coordinate (cf
Figure 4.18.a and 4.18.b), the tested cut value has been set to ∆Rcut = 0.05. The motivation for
this choice is that this value remains higher than the track extrapolation uncertainty in average,
while being more restrictive for clusters having an energy higher than 20 GeV, for which the mean
cluster width is around 0.1.
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To evaluate the impact of this change in the TCC algorithm, modified UFO constituents are
built based on this new track-cluster matching condition before being clustered again into small-R
jets.

4.5.5 Performances of modified UFO jets
Distributions of ∆η for jets around η = 2.5 are shown in Figure 4.19, including the standard UFO
jets, the modified UFO jets and the PFlow jets. It is directly possible to see the benefit of this
new track-cluster matching condition since modified UFO jets present improved performances with
respect to standard ones and behave similarly as PFlow jets.

The jet η and φ resolutions are then shown as a function of ηtrue in Figure 4.20.a and 4.20.b.
These figures also show that the modification in the TCC algorithm allows to obtain similar reso-
lutions between UFO and PFlow jets especially around η = 2.5.
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Figure 4.19: Normalized distributions of ∆η for UFO (both standard (blue) and modified (green)) and
PFlow jets (red) in bins corresponding to ηtrue values close to the end of the inner detector coverage.

The jet energy (mass) resolution is shown as a function of ptrue
T in Figure 4.21 (4.22) in (a) the

central region of the detector and (b) the forward region across a more restrictive pT interval. It
can be noticed that in the η range that is covered by the inner detector, the modified UFO jet
performances are at least as good as the standard UFO ones, while in the forward region, the jet
energy and mass resolutions of the modified UFO jets are improved with respect to standard ones.

71



0 0.5 1 1.5 2 2.5 3 3.5 4
trueη

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1
 r

es
ol

ut
io

n
η

Je
t 

 < 600 GeVtrue

T
50 < p
Simulation ATLAS

UFO
 = 0.05cut R∆UFO, 

PFlow

(a)

0 0.5 1 1.5 2 2.5 3 3.5 4
trueη

0.02

0.025

0.03

0.035

0.04

0.045

0.05

0.055

0.06

 r
es

ol
ut

io
n

φ
Je

t 

 < 600 GeVtrue

T
50 < p
Simulation ATLAS

UFO
 = 0.05cut R∆UFO, 

PFlow

(b)

Figure 4.20: Jet (a) η and (b) φ resolutions as a function of ηtrue for UFO (both standard and modified)
and PFlow jets.

The modification to the TCC algorithm induces a fraction of combined constituents to convert
into neutral constituents as shown in Figure 4.23.a and 4.23.b, which represent respectively the
mean jet energy fraction of combined constituents and the mean jet energy fraction of neutral con-
stituents as a function of ηtrue for both standard and modified UFO jets. For these constituents,
the four-vector is computed differently (cf section 4.3.3), allowing to improve the global jet angular,
energy and mass resolutions, especially at the exterior of the inner detector acceptance.

Moreover, this modification does not induce any loss of energy in the global jet reconstruction.
Indeed, the mean jet energy responses (i.e the mean values of the Er distributions) are similar
between the standard and modified UFO jets as shown in Figure 4.24.
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Figure 4.21: Jet energy resolution as a function of ptrue
T for UFO (both standard and modified) and PFlow

jets located (a) in the central part of the detector and (b) in the forward region.
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Figure 4.22: Jet mass resolution as a function of ptrue
T for UFO (both standard and modified) and PFlow

jets located (a) in the central part of the detector and (b) in the forward region.
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Figure 4.23: Mean jet energy fraction of (a) combined and (b) neutral constituents for UFO jets (both
standard and modified) as a function of ηtrue.
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Figure 4.24: Mean jet energy response as a function of ptrue
T for UFO (both standard and modified) and

PFlow jets located (a) in the central part of the detector and (b) in the forward region.
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4.5.6 UFO constituent mass
As explained in section 4.3.3, the TCC algorithm allows UFO combined four-vectors to have a
non-zero mass when a track is geometrically matched to more than one cluster. In Figure 4.25, the
distribution of the mass for the three different types of UFO constituent is shown. It is possible to
see that combined constituents can have large mass, i.e about 10 GeV, which seems physically not
consistent and may lead to mis-reconstruction of the global UFO jet mass.
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Figure 4.25: Normalized distributions of the UFO constituent mass for (a) charged, neutral and combined
and (b) only combined constituents.

Consequently, an additional test has been performed to possibly improve the UFO jet mass
reconstruction. It consists in manually setting the UFO constituent mass to 0. For a given con-
stituent, it is done by computing its momentum components px, py and pz based on its energy e

and its angular position η and φ, by assuming that |~p|2 = p2
x+p2

y +p2
z = e2, and using the equations

py/px = tan(φ) and pz/|~p| = tanh(η). In this way, a massless four-vector with the same energy and
angular position can be obtained for each UFO constituent.

Then, the massless constituents are clustered into jets. Unlike the previous studies, it is large-R
jets (R = 1.0) that are reconstructed to evaluate the impact of this modification in the recon-
struction of the UFO. The event selection is similar, but the isolation requirements are different
because they rely on the jet radius. In this case, each reconstructed jet must not have any other
reconstructed jet within a distance of ∆R < 1.5, and not be matched to a truth jet having an other
truth jet within a distance of ∆R < 2.5.
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The impact of this procedure has been evaluated by considering distributions of the jet mass
and jet substructure variables for standard UFO jets, UFO jets built from massless constituents
and truth jets. Several substructure variables have been considered such as Qw, τ21, τ32 and D2,
which are able to discriminate QCD jets from boosted jets coming from top quarks, W or Higgs
bosons.

To compute Qw, the jet is decomposed into three sub-jets using the kt algorithm. Then, Qw

corresponds to : min(m12,m13,m23), where mij is the dijet invariant mass computed from the two
sub-jet i and j. To evaluate τ21 and τ32, the jet N -subjettiness τN with N = 0, 1, 2, 3, that
describes to what degree the substructure of a given jet is compatible with being composed of N
or fewer sub-jets, are evaluated [56]. To evaluate τN , the jet is first decomposed into N sub-jets
using the kt algorithm. Then, the 0-, 1-, 2- and 3-subjettiness are computed as :

τ0 =
∑
i∈J

pTiR, (4.17)

τ1 = 1
τ0

∑
i∈J

pTi∆R1,i, (4.18)

τ2 = 1
τ0

∑
i∈J

pTi min(∆R1,i,∆R2,i), (4.19)

τ3 = 1
τ0

∑
i∈J

pTi min(∆R1,i,∆R2,i,∆R3,i), (4.20)

with the sum occurring on the constituents of the jet, R the radius of the jet and ∆Rj,i the angular
distance between the sub-jet j and the constituent i. Finally, τ21 corresponds to τ2/τ1 and τ32

to τ3/τ2. These variables have demonstrated a great ability to identify respectively two-body and
three-body structures within jets. To compute D2, the N -point energy correlation functions ECFN
with N = 1, 2, 3 are first evaluated as :

ECF1 =
∑
i∈J

pTi , (4.21)

ECF2 =
∑
i<j∈J

pTipTj∆Rij (4.22)

ECF3 =
∑

i<j<k∈J
pTipTjpTk∆Rij∆Rik∆Rjk, (4.23)

with the sum occurring on the constituents of the jet and ∆Ri,j the angular distance between the
two constituents i and j [56]. Then, dimensionless ratios of these quantities are defined as :

e2 = ECF2
(ECF1)2 , (4.24)

e3 = ECF3
(ECF1)3 . (4.25)

Finally, D2 is defined as e3/(e2)3 and similarly as τ21, it is useful to identify two-body structures
within jets.
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The distributions of the jet mass, Qw, τ21, τ32 and D2 for standard UFO jets, UFO jets built
from massless constituents and truth jets in several bins of ptrue

T are presented in Figures 4.26, 4.27,
4.28, 4.29 and 4.30 respectively.

Notable differences can be observed for the jet mass and Qw distributions, especially at high pT .
Indeed, the distributions of these variables obtained with UFO jets built from massless constituents
are significantly much closer to the truth distributions than the standard UFO jet distributions.
These variables are thus better reconstructed by configuring massless constituents instead of allow-
ing important values for the UFO constituent mass. As expected, no significant differences can be
observed between standard UFO jets and the ones composed of massless constituents considering
the distributions of τ21, τ32 and D2, because these variables do not involve the constituent mass.
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Figure 4.26: Normalized distributions of the jet mass for UFO (both standard (blue) and with massless
constituents (red)) and truth jets (black) located in the central part of the detector in different ptrue

T bins.
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Figure 4.27: Normalized distributions of Qw for UFO (both standard and with massless constituents)
and truth jets located in the central part of the detector in different ptrue

T bins.
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Figure 4.28: Normalized distributions of τ21 for UFO (both standard and with massless constituents) and
truth jets located in the central part of the detector in different ptrue

T bins.
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Figure 4.29: Normalized distributions of τ32 for UFO (both standard and with massless constituents) and
truth jets located in the central part of the detector in different ptrue

T bins.
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Figure 4.30: Normalized distributions of D2 for UFO (both standard and with massless constituents) and
truth jets located in the central part of the detector in different ptrue

T bins.
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4.5.7 Conclusion
Two modifications in the UFO algorithm have been considered and studied.

The first one is a modification of the matching condition between tracks and clusters that con-
sists in ∆R < ∆Rcut, with ∆R the angular distance between the track and the cluster. Instead of
considering a value of ∆Rcut that depends on the cluster/track energy and η coordinate, a fixed
value of ∆Rcut set to 0.05 allows to considerably improve the UFO small-R jet reconstruction in
terms of angular, energy and mass resolutions, particularly in the forward region of the detector.

The second one consists in adjusting the momentum of the UFO constituents in order to obtain
massless constituents having the same energy and angular coordinates. This modification allows
notably to improve the reconstruction of the mass for UFO large-R jets by increasing the agreement
with the truth jets, especially at high momentum.

These modifications in the UFO algorithm have thus been implemented in the ATLAS software
framework for future jet reconstruction, and these studies allowed me to become an author of the
ATLAS collaboration.
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using LHC Run-3 data

Contents
5.1 Emerging jets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.2 Data and MC samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.2.1 Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.2.2 MC simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.3 Event reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5.3.1 Jets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5.3.2 Tracks and displaced vertices . . . . . . . . . . . . . . . . . . . . . . . . . 89

5.4 Pre-selections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.5 Analysis strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

5.6 Low-mjj cut-based analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.6.1 Pre-selections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.6.2 Event selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

5.7 Background estimation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.7.1 ABCD method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.7.2 Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5.7.3 Non-closure uncertainty . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

5.8 Signal systematic uncertainties . . . . . . . . . . . . . . . . . . . . . . . 115

5.8.1 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

5.8.2 Theoretical . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

5.8.3 Total . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

5.9 Statistical interpretation . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

5.9.1 Statistical model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

5.9.2 Test statistic for upper limits . . . . . . . . . . . . . . . . . . . . . . . . . 119

83



5.9.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

5.10 Analysis signal regions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

5.11 Analysis results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

5.12 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

This section will present my contribution to the ATLAS Run 3 emerging jets analysis that led to
an article [57] that has been submitted to the journal «Reports on Progress in Physics». I notably
contributed to the determination of the event selection, the background estimation, the evaluation
of the systematic uncertainties and the statistical interpretation for one of the four channels of
the analysis. This section will present all of these elements and end by a presentation of the final
analysis results that include the ones obtained from the other channels as well.

5.1 Emerging jets
As explained in section 2.4, emerging jets can arise in theories of a strongly interacting QCD-like
dark sector that is connected with the visible one through a new interaction. At hadron colliders,
dark quarks may be produced and initiate the production of dark jets containing dark hadrons.
By considering the case where the dark hadrons are unstable and decay back to SM particles with
macroscopic decay lengths (with respect to the detector size), the produced signature corresponds
to visible signals emerging gradually in the detector.

To produce such a signature, it is necessary to require a large hierarchy between the mass of
the mediator that connects the visible and dark sectors, and the mass scale of the dark sector [58].
Otherwise, the experimental signature consists in low-momentum and isotropically distributed par-
ticles that is generally named «soft unclustered energy patterns». For the model considered in this
analysis, the mass of the mediator is considered to be at the TeV scale, while the one of the dark
sector is at the GeV scale. In this way, the energy of the dark quarks coming from the decay of
the mediator will be larger than the confinement scale of the dark gauge group, allowing them to
shower and hadronize into dark hadrons. Additionally, by considering the dark hadrons decaying to
SM quarks with a decay length in the order of millimeters, the dark jets will progressively appear
in the detector as schematized in Figure 5.1 [58].

In this analysis, a new heavy Z
′ mediator is considered to act as a portal between the visible

and the dark sectors. It couples to both SM quarks q and dark quarks qd with coupling constants
noted gq and gqd respectively. The production process is illustrated in Figure 5.2 [57] : the Z ′ is
produced in pp collisions via quark - anti-quark annihilation (qq̄ → Z

′), before decaying into a pair
of dark quarks (Z ′ → qdq̄d). Each of these dark quarks leads to a dark jet that is considered to
contain only dark mesons : πd and ρd. The dark baryon production is not considered since it is
suppressed by a factor of 1/N2

Cd
, where NCd is the number of dark colors [59]. The dark rho mesons

are set to promptly decay via ρd → πdπd while the dark pions are forced to decay to down quarks.
Hence, only the dark pion life-time τπd is considered to parametrize the dark particles decay length.
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Figure 5.1: Schematic representation of a pair production of emerging jets in the transverse plane
of a detector. The dashed lines correspond to long-lived dark mesons, while solid colored lines
represent SM particles [58].

Following the model described in [58], the number of dark colors NCd is set to 3 and the number
of dark quark flavors Nfd to 7. It allows to obtain a QCD-like phenomenology, and to be able
to use perturbative theory for computation. Moreover, the dark sector confinement scale Λd, the
dark quark mass mqd , the dark pion mass mπd and the dark rho mass mρd satisfy the relation
mρd = 2Λd = 2mqd = 4mπd . Three different sets of parameters for the dark particle masses are
considered, corresponding to mπd values of 5, 10 and 20 GeV. Moreover, each signal is characterized
by a Z ′ mass and a fixed proper decay length for the dark pions. The former ranges from 0.6 to
3.5 TeV while the latter ranges from 1 to 1000 mm in order to ensure that the majority of the dark
pion decays occur in the inner detector, with a decay length in the detector frame given by γβcτπd .
The table 5.1 summarizes the parameter values of the model.

(mπd , Λd, mρd) [GeV] (5, 10, 20), (10, 20, 40), (20, 40, 80)

mZ′ [TeV] 0.6, 0.8, 1.0, 1.2, 1.5, 1.8, 2.2, 2.6, 3.0, 3.5

cτπd [mm] 1, 5, 10, 50, 100, 500, 1000

Table 5.1: Parameters of the benchmark models used in the analysis. The mediator masses and
dark pion proper decay lengths that have been exploited during the discriminating studies are
indicated in bold, while the other samples have been generated subsequently.
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Figure 5.2: Diagram illustrating the production of a pair of emerging jets via an s-channel mediator
Z

′ . The emerging jets are represented as blue cones, the dashed lines correspond to the dark pions
and the red lines represent their SM decay products [57].

5.2 Data and MC samples

5.2.1 Data
This analysis uses 51.8 fb−1 of data from pp collisions at

√
s = 13.6 TeV that have been collected

by ATLAS in 2022 and 2023. To be considered, data events must have been collected under
stable beam conditions with all the detector sub-components being functional during the data
acquisition. Moreover, additional data quality requirements are applied to exploit only data that
allows reliable reconstruction [60]. For instance, events that are compatible with noise burst in the
LAr calorimeters are rejected.

5.2.2 MC simulations
MC simulated background and signal events are used to study the specific properties of the signal
in order to determine the discriminating variables that will be used in the analysis event selection.
MC signal events are also used to compute the signal acceptance and the associated systematic
uncertainties that are both used during the statistical interpretation.

Background

The final state corresponding to the emerging jet signal is a pair of two energetic jets. As a conse-
quence, the main background that is considered corresponds to di-jet events containing two QCD
jets that are initiated by gluons or quarks. Multi-jet production has been generated using Pythia
8.230 [30] with Matrix Elements (ME) at LO for di-jet production which has been matched to the
parton shower. The NNPDF2.3LO parton distribution functions collection [54] was used in the ME
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generation, the parton shower, and the simulation of the multi-parton interactions and the A14 set
of tuned parameters has been used [55].

The process corresponding to the production of a top quark associated with an anti-top quark
(referred to as tt̄) also constitutes a source of background that has been considered, even if it is
less important than the di-jet events. Each top quark decays via t → Wb, while the W boson
can decay via W → qq̄′ (hadronic decay) or W → lν̄ (leptonic decay). The tt̄ process can thus
produce either two hadronic decays, one hadronic and one leptonic decay or two leptonic decays.
The tt̄ production has been modelled using the Powheg Box v2 [61, 62, 63, 64] generator at NLO
with the NNPDF3.0NLO parton distribution functions collection [65]. The events have been in-
terfaced to Pythia 8.230 to model the parton shower, hadronization and underlying event with the
NNPDF2.3LO set of parton distribution functions and using the A14 set of parameters. The decays
of bottom and charm hadrons have been executed by EvtGen 1.6.0 [66].

Moreover, in order to study the efficiencies of the triggers that are used in the analysis (cf section
5.4) and to compare the distributions of jet kinematic variables between data and MC events, a
control region corresponding to single-muon events is considered. Additional processes that produce
both muon and jets are thus simulated :

• W → µν̄µ+ jets,

• W → τ ν̄τ+ jets, with τ → µν̄µντ .

These W + jets samples have been generated with Sherpa 2.2.14 [31] using Matrix Elements at
NLO for up to two partons and LO for up to five partons calculated with the Comix [67] and
OpenLoops [68, 69, 70] libraries. They were matched with the Sherpa parton shower [71] using the
MEPS@NLO prescription [72, 73, 74, 75] and the set of tuned parameters developed by the Sherpa
authors. The NNPDF3.0NNLO set of PDFs has been used.

Signal

The signal samples corresponding to the process pp → Z
′ → qdq̄d have been simulated using the

Hidden Valley module [76, 77] of Pythia 8.309 [78], and by configuring the dark QCD parameter
values and the dark mesons decays such as described in section 5.1. The different dark pions masses
allow to cover variations within the dark hadronization process. The Z ′ branching ratios are taken
as BR(Z ′ → qq̄) = 0.001 and BR(Z ′ → qdq̄d) = 0.999 in order to maximize the decay to the desired
final state. These branching ratios set the values of the coupling constants of the Z ′ to quarks and
dark quarks gq and gqd , but the samples can be re-scaled.

All simulated events are processed through a simulation of the ATLAS detector using Geant4
[34], and the effect of pile-up is modelled by overlaying the simulated hard-scattering process with
inelastic pp collisions generated from EPOS 2.0.1.4 [79] and Pythia 8.308.

87



In order to be compared to data events, each MC event is normalized according to a total weight
given by :

w = σ × Lint × feff × k × (wMC/
∑

wMC)× wpile-up (5.1)

where σ is the cross-section of the process as computed by the generator, Lint is the integrated
luminosity of the data to which the MC events are compared, feff is the efficiency of the event
filter of the generator, k is a factor that takes into account higher order terms in the cross-section
computation, wMC is the MC event weight provided by the particle generator, ∑

wMC is the sum
of all the MC event weights in a given sample and wpile-up is a weight that is applied such as the
distribution of µ (as described in 3.3.2) is the same between MC and data events.

5.3 Event reconstruction

5.3.1 Jets
As described in sections 4.3 and 4.4, there are different ways to reconstruct jets in ATLAS, depend-
ing on the input constituents or on the jet algorithm parameters that are used. The reconstruction
method in this analysis has been determined by considering the particular topology of emerging
jets. Indeed, each emerging jet undergoes a process of double hadronization : a first one in the
dark sector, and a second one in the SM visible sector, resulting in wide opening angles between
the final hadrons. It is thus necessary to use large-R jets with R = 1.0 instead of small-R jets to
capture most of the produced hadronic shower.

Moreover, emerging jets are likely to be associated to a large amount of displaced tracks that
do not originate from the primary hard-scattering vertex. As a consequence, constituents obtained
from the combination of tracks and topo-clusters such as PFlow or UFO cannot be used in this
analysis, because their reconstruction considers only tracks that are matched to the primary hard-
scattering vertex. Consequently, topological clusters at the EM scale (EMTopo) are chosen as jet
constituents.

The procedure of jet reconstruction is the following : the input constituents are first clustered
into jet with R = 0.4, and these small-R jets are then reclustered into R = 1.0 jets. Both clus-
tering are done with the anti-kt algorithm. The small-R jet four-momenta are calibrated with the
techniques described in 4.4.3. For each large-R jet, the calibrated four-momentum is obtained by
summing the four-momentum of its calibrated small-R jet constituents, while the uncertainties from
the small-R jet calibration are propagated to the large-R jet.

This way to proceed has physical and technical benefits. First, the minimum pT threshold that
is applied to small-R jets functions as a grooming procedure similar to the trimming or soft-drop
one, by removing contaminations from soft particles. Then, small-R EMTopo jets are commonly
used in other ATLAS analyses that are searching for LLPs, and thus the same calibration can
be used. For example, an alternative could have been to consider large-R jets built directly from
LCTopo constituents, but this jet collection is no longer supported in Run-3 by the ATLAS jet
performance group, and no calibration nor uncertainties are available.
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The selections applied to the uncalibrated small-R and large-R jets are presented in Tables 5.2.

Small-R Large-R

pT > 15 GeV > 200 GeV
|η| < 2.5 < 1.8

Table 5.2: Selection criteria applied to the jets used in the analysis.

5.3.2 Tracks and displaced vertices
The tracks are reconstructed according to the procedure described in section 4.1 with the parameters
shown in Figure 4.3. Both Primary and Large Radius Tracking algorithms are used, and standard
selections are applied to the reconstructed tracks as summarized in Table 5.3.

Primary Large Radius Tracking

pT > 0.5 GeV > 1 GeV
|η| < 2.7 < 3

Table 5.3: Selection criteria applied to the tracks used in the analysis.

The track reconstruction efficiency, defined as the fraction of truth charged particles that are
matched to a reconstructed track, evaluated in the signal samples as a function of the particle
production radius is shown in Figure 5.3. It is possible to see that at high production radius (> 120
mm), the efficiency for the signal corresponding to mZ′ = 3 TeV is degraded with respect to lower
mZ′ values. Indeed, at higher mZ′ , the produced charged particles will be more collimated, resulting
in tracks that may more probably share hits with the others, and thus be rejected by the tracking
algorithm. On the other hand, no differences in terms of efficiency is observed between signals
corresponding to different mπd values.

In order to compute track-based jet observables, the ghost association technique has been used
to associate the tracks to the jets, by considering each track as a ghost and proceeding as described
in section 4.4.1.

The displaced vertices are reconstructed according to the procedure described in section 4.2 from
the combined collection of standard and large-radius tracks. The secondary vertex reconstruction
efficiency evaluated in the signal samples as a function of the decay radius of the truth dark pions
is shown in Figure 5.4. This efficiency is evaluated as the fraction of individual dark pion decays
that are matched to a reconstructed vertex with the matching procedure described in [40].

While the reconstruction efficiency is similar between the samples that differ only in the Z ′ mass
value, disparities can be observed between samples having different mπd values. Indeed, at a fixed
dark pion decay radius, the vertex reconstruction efficiency increases with the mass of the dark
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Figure 5.3: Track reconstruction efficiency as a function of the production radius for signal samples
corresponding to (a) different mZ′ and fixed mπd and cτπd and (b) different mπd and fixed mZ′ and cτπd .

pion for the same reasons as described in section 4.2.2 : the efficiency increases with the vertex
track multiplicity, while the latter increases with the dark pion mass.

Additional requirements are applied to the reconstructed secondary vertices in order to remove
vertices coming from SM particle decays.

The mass of the vertex is required to be higher than 0.6 GeV : indeed, it allows to reject vertices
coming from the decay of kaons notably, which have a mass about 0.5 GeV (cf Figure 5.5.a). The
number of tracks associated to a vertex is required to be strictly greater than 2, in order to remove
vertices that can come from photons conversions producing electron - positron pairs (cf Figure
5.5.b).

Moreover, displaced vertices can be produced via the interactions of SM particles with the de-
tector material. The vertices are thus required to pass a material map veto, that reject secondary
vertices having a position consistent with the position of the detector material. This veto may
potentially reject signal vertices but its application is crucial in this analysis. Indeed, Figure 5.6.a
shows the distribution of the reconstructed secondary vertices from QCD background events in the
transverse plane of the detector (x, y), which is highly correlated to the position of the material
in the pixel detector. Figure 5.6.b shows the distribution of the remaining vertices after the veto
being applied.

Finally, each vertex satisfying these requirements is geometrically matched to a reconstructed
jet if passing the criteria ∆R < 1.0, with ∆R the angular distance between the vertex and the jet.
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Figure 5.4: Secondary vertex reconstruction efficiency as a function of the production radius for signal
samples corresponding to (a) different mZ′ and fixed mπd and cτπd and (b) different mπd and fixed mZ′

and cτπd .
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Figure 5.5: Normalized distributions of (a) the vertex mass and (b) the number of associated tracks to a
secondary vertex for QCD and signal events corresponding to mZ′ = 1.5 TeV and cτπd = 50 mm after the
high-pT jet trigger being applied (defined in section 5.4.1).
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Figure 5.6: Normalized distributions of the reconstructed secondary vertices from QCD background events
in the transverse plane (x, y) (a) without any selection and (b) after the material map veto being applied.

92



5.4 Pre-selections
First, the events are required to have one reconstructed primary vertex associated to at least two
tracks. As mentioned in section 4.2.1, the hard-scattering primary vertex is selected as the one
having the greatest ∑

p2
T , where the sum occurs on the primary tracks associated to the vertex.

Triggers The events are selected using one of the two jet-based triggers that are considered in
this analysis.

The first one selects events having at least one large-R jet reconstructed in the same way as
described in section 5.3.1 and that satisfy pT > 460 GeV : it is referred as the «high-pT jet trigger».

The second one referred as the «emerging jet trigger» selects events with at least one large-R
PFlow jet reconstructed with the anti-kt algorithm and with the CS+SK and Soft-Drop procedures
applied. This jet must satisfy pT > 200 GeV, |η| < 1.8 and PTF < 0.08, where PTF stands for
«Prompt Track Fraction» and is given by :

PTF =
∑
ptrk
T

pjet
T

(5.2)

with the sum occurring on all the tracks within ∆R < 1.2 of the jet that satisfy : pT > 1 GeV,
|d0/σd0 | < 2.5 with σd0 the uncertainty on the measurement of the track d0, and |zPV − z0| < 10
mm with zPV the position of the hard-scattering primary vertex along the beam axis. The selection
on d0 allows to select prompt tracks originating from the hard-scattering primary vertex while the
one on z0 aims to reduce contributions from pile-up. Emerging jets are expected to be associated
mainly to displaced tracks and thus to have low PTF values as shown in Figure 5.7.a. The PTF
distributions in data and MC events in the muon control region (defined below) is shown in Figure
5.7.b and present a good agreement within around 10%.

Trigger efficiency The efficiencies of these two triggers have been studied with data and MC
events in a single-muon control region where signal events are not selected. This region is defined
using a single-muon trigger that select events by requiring at least one muon with pT > 24 GeV at
the HLT level. In addition, it is required that the reconstructed muon satisfy pT > 27 GeV and
pass an isolation criteria, ensuring that the muon used in the trigger decision was not produced
within a jet. Moreover, the events are required to have at least one large-R jet reconstructed with
the procedure described in 5.3.1.

The efficiency of the high-pT (emerging) jet trigger is evaluated in this muon control region as :

ε = Number of event selected by the high-pT (emerging) jet and muon triggers
Number of event selected by the muon trigger . (5.3)

It has been evaluated both in data and MC samples (W + jets and tt̄) as a function of the leading
jet pT , and also as a function of the leading jet PTF for the emerging jet trigger as shown in Figures
5.8 and 5.9.
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Figure 5.7: PTF distributions (a) for QCD and signal events corresponding to mZ′ = 1.5 TeV and
mπd = 10 GeV after the application of the high-pT jet trigger and (b) for data and MC events in the muon
control region.

A fit to the efficiency in data and MC has been done to identify the threshold in pT for the
high-pT and emerging jet triggers, and in PTF for the emerging jet trigger, at which the efficiency
reaches a constant value. For the high-pT jet trigger, 98 % of the maximum efficiency is obtained
for jets that satisfy pT > 520 GeV. Moreover, this trigger is very well modelled in MC simulations
as shown in Figure 5.8 where the data and MC efficiency curves are in excellent agreement. The
fact that the high-pT jet trigger is not fully efficient until 520 GeV while the pT threshold that
defines the trigger is 460 GeV can be explained by considering that the jets that are used for trigger
decisions are different from the jets reconstructed with the offline software.

For the emerging jet trigger, the maximum efficiency is obtained for jets passing pT > 300 GeV
and PTF < 0.04. In order to increase the sensitivity to lower mZ′ signal samples, the turn-on region
has been exploited by reducing the offline threshold on pT to 250 GeV. Moreover, as shown in Figures
5.9.a and 5.9.b, the trigger efficiency curves are different between data and MC events unlike the
high pT jet trigger ones. Therefore, a scale factor is applied to the MC event weights in order to cor-
rect it. This scale factor depends on the pT of the leading jet and corresponds to εdata(pT )/εMC(pT ),
with εdata and εMC the efficiency of the emerging jet trigger at a given pT obtained from the fit
function for data and MC respectively. The value of this scale factor ranges from 0.72 at pT = 250
GeV to 0.96 at pT > 300 GeV. Even if the emerging jet trigger is less efficient to select events with
respect to the high-pT jet trigger, it allows to select signal events down to mZ′ = 0.6 GeV, which is
the lowest Z ′ mass value that is investigated in this analysis, and thus presents a significant interest.

The trigger efficiencies evaluated for the signal events as a function of the leading jet pT are
shown in Figure 5.10. No particular selections are applied in this case.
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Figure 5.8: Efficiency of the high-pT trigger as a function of the leading jet pT evaluated for both
data and MC events in the muon control region.
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Figure 5.9: Efficiency of the emerging jet trigger as a function of (a) the leading jet pT with PTFlead. < 0.04
applied, and as a function of (b) the leading jet PTF with plead.

T > 250 GeV applied, evaluated for both
data and MC events in the muon control region.
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Figure 5.10: Efficiency of the (a) high-pT and (b) emerging jet triggers as a function of the leading jet pT
evaluated for signal events corresponding to mπd = 10 GeV.
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5.5 Analysis strategy
The analysis is divided into two different approaches.

The first one, referred as «cut-based», consists in applying selections to jet observables that
discriminate signal and background events, in order to select the former and maximally reject the
latter. The determination of the potential discriminating variables has been done using MC sim-
ulated events. The whole selections allow to define a signal region (SR) expected to be highly
sensitive to the emerging jet signature.

The second approach, referred as «Machine Learning (ML) based», uses a machine learning
algorithm that has been trained to differentiate emerging jets from SM jets. In this approach, the
SR is defined as containing events that have at least two jets identified as emerging jets.

While the ML-based approach is expected to maximize the sensitivity for the specific models
that are investigated, the cut-based approach is more easily reinterpretable with alternative the-
oretical models. Indeed, the tagging algorithm used in the ML-based approach exploits low-level
track information that come from the tracking algorithm and thus rely on a full simulation of the
detector, while reinterpretation frameworks generally do not (cf section 6).

In both approaches, the analysis principle is similar : the expected background contribution
from SM processes in the SR in terms of number of events is evaluated, before being compared to
the observed number of events in data. If no excess is observed in data regarding the expected
background, a statistical interpretation is performed to determine exclusion domains in the param-
eter space of the emerging jet theoretical model.

Finally, each approach is divided into a low and a high-mjj region, each using one of the two trig-
gers defined previously in association with a selection on the invariant mass of the two leading jets
of the events, mjj. The low-mjj region is defined by selecting events with the emerging jet trigger
and mjj ≤ 1 TeV, while the high-mjj region selects events with the high-pT jet trigger and mjj > 1
TeV. The choice of 1 TeV is motivated by the fact that the high-pT jet trigger mainly selects signal
events roughly corresponding to mZ′ > 1 TeV because of the pT requirement. In this way, the sen-
sitivity to signal corresponding to mZ′ ≤ 1 TeV (> 1 TeV) is maximized in the low(high)-mjj region.

My contribution to this analysis is related to the low-mjj region in the cut-based approach.
I contributed to the determination of the event selection, the estimation of the background, the
evaluation of the systematic uncertainties and the statistical interpretation which will be presented
in the following sections.
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5.6 Low-mjj cut-based analysis

5.6.1 Pre-selections
Events are pre-selected with the emerging jet trigger. In addition, events must contain at least two
reconstructed large-R jets satisfying pT > 200 GeV, |η| < 1.5 and passing an overlap removal (OR)
procedure with photon (i.e no photon can be found within ∆R = 1.0 of the jets), in addition to
the selection on the invariant mass of the two leading jets of the events mjj ≤ 1 TeV. The selection
on η insures that the jet areas are within the inner detector acceptance, while the overlap removal
procedure allows to reject photons that can produce low PTF jets and thus mimic the emerging jet
signature.

The distributions of the leading jet pT , η and mjj for background and signal events are shown
in Figures 5.11, 5.12 and 5.13, in addition to the corresponding data and MC distributions in the
muon control region. Given the selection on mjj that is applied, only the signal corresponding to
mZ′ = 0.6 TeV is considered for the following studies.

200 250 300 350 400 450 500 550 600

 [GeV]
T

Leading jet p

3−10

2−10

1−10

1

F
ra

ct
io

n 
of

 e
ve

nt
s

QCD
 = 0.6 TeVZ'm
 = 0.8 TeVZ'm
 = 1.0 TeVZ'm

(a)

1

10

210

310

410

510

610

710
N

um
be

r 
of

 e
ve

nt
s

ATLAS
-1 = 13.6 TeV, 51.8 fbs

Data

tt 

W + jets

MC stat. unc.

200 400 600 800 1000 1200 1400
0.5

1

1.5

D
at

a/
M

C
 

 [GeV]
T

Leading jet p

(b)

Figure 5.11: pT distributions (a) for QCD and signal events corresponding to mπd = 10 GeV and cτπd = 5
mm after the application of the emerging jet trigger and (b) for data and MC events in the muon control
region.

As mentioned in section 5.4, selections are applied to the pT and PTF of the reconstructed jet
that is geometrically matched (i.e based on a ∆R requirement) to the jet that activate the emerging
jet trigger at the HLT level. These selections correspond to pT > 250 GeV and PTF < 0.04.

Moreover, for both leading and sub-leading jets, a selection is applied on a jet variable named
∆PTF, which is defined as ∆PTF = PTF(no ∆z selection) − PTF(∆z < 10 mm), with the PTF
computed as given by (5.2). It corresponds to the difference between the PTF computed without
any requirement on the z0 coordinate of the tracks, and the PTF with the same selection as applied
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Figure 5.12: η distributions (a) for QCD and signal events corresponding to mπd = 10 GeV and cτπd = 5
mm after the application of the emerging jet trigger and (b) for data and MC events in the muon control
region.

in the trigger, i.e ∆z = |zPV − z0| < 10 mm where zPV is the coordinate of the hard-scattering
primary vertex along the beam axis.

Indeed, the PTF of a jet as computed by the trigger relies on a correct determination of the
hard-scattering primary vertex. Considering the possible case where a pile-up vertex is wrongly
determined as the hard-scattering primary vertex, the PTF computation with the equation (5.2)
may reject tracks that are however contained in the leading jets. It can thus possibly lead to an
artificially low PTF value for jets in background events. Even if such a wrong designation of the
hard-scattering primary vertex is expected to be rare, requiring a small ∆PTF for both leading and
sub-leading jets, i.e requiring jets for which the PTF is not highly sensitive to the primary vertex
position determination, can help to mitigate such effect. The selection that is applied corresponds
to ∆PTF < 0.4. The distribution of the leading jet ∆PTF for background and signal events is
shown in Figure 5.14 in addition to the data and MC comparison in the muon control region. The
agreement between data and MC events is not as great as the one for the PTF, but the acceptance
of a selection at 0.4 is similar between data and MC.

The pre-selections applied are summarized in Table 5.4.
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Figure 5.13: mjj distributions (a) for QCD and signal events corresponding to mπd = 10 GeV and cτπd = 5
mm after the application of the emerging jet trigger and (b) for data and MC events in the muon control
region.
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Figure 5.14: ∆PTF distributions (a) for QCD and signal events corresponding to mZ′ = 1.5 TeV and
mπd = 10 GeV after the application of the high-pT jet trigger and (b) for data and MC events in the muon
control region.

Pre-selections

Njet (pT > 200 GeV, |η| < 1.5, overlap removal with photons) ≥ 2
mjj ≤ 1 TeV

Trigger-matched jet pT > 250 GeV, PTF < 0.04
Leading and sub-leading jet ∆PTF < 0.4

Table 5.4: Pre-selections applied in the low-mjj channel of the cut-based approach.
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5.6.2 Event selection
Given the nature of the emerging jets, two main types of jet observables can be exploited to dis-
criminate them from background jets : track-based observables such as the PTF that rely on the
fact that the emerging jets are likely to contain an important amount of large radius tracks, and
jet-substructure observables that are related to the jet internal energy repartition. Indeed, as de-
scribed in section 2.4, emerging jets arise from a double hadronization process, and thus have a
highly different substructure from SM jets.

Moreover, the number of selected secondary vertices Nvtx as described in section 5.3.2 is also
extremely discriminant between signal and background as shown in Figure 5.15.a. The distributions
for data and MC events in the muon control region is shown in Figure 5.15.b, and present some
disparities. The reason is that the veto applied to reject vertices in the detector material is deduced
from an estimation of the detector position using data. On the other hand, the simulation of the
detector presents small discrepancies with the real detector concerning the material position. In
this way, it is possible that simulated displaced vertices located in simulated material areas are not
vetoed. It is illustrated in Figure 5.16.a that presents the repartition of the secondary vertices from
QCD events in the transverse plane of the detector : it is possible to notice some areas at a radius
∼ 25 mm corresponding to the simulated material that present an over density of vertices even
after the veto being applied. However, it is not problematic for the analysis since the background
estimation is done using data driven techniques, and also because the vertices from the signal are
not correlated to the material, as illustrated in Figure 5.16.b that presents the repartition of the
secondary vertices from signal events in the transverse plane. A selection Nvtx ≥ 1 applied to both
leading and sub-leading jets is sufficient to reduce considerably the number of MC background
events while selecting a large fraction of signal events.
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Figure 5.15: Nvtx distributions (a) for QCD and signal events corresponding to mZ′ = 0.6 TeV and
mπd = 10 GeV after the application of the emerging jet trigger and (b) for data and MC events in the
muon control region.
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Figure 5.16: Normalized distributions of the reconstructed secondary vertices in the transverse plane
(x, y) from (a) QCD background events after the material map veto being applied and (b) signal events
corresponding to mZ′ = 1.5 TeV, mπd = 10 GeV and cτπd = 50 mm.

Given that a selection on the PTF is already applied to the trigger-matched jet in the pre-
selections, a selection on another track-based variable quantifying the proportion of prompt (or
displaced tracks) associated to the selected jets could be highly correlated. Instead, a selection
on an observable related to the jet substructure will be complementary to the selections already
applied before.

Several jet substructure variables computed from the associated tracks have been considered
to discriminate the signal from background, such as ECF2 or Qw (cf section 4.5.6). However, the
variable that demonstrates the best discriminating power is the number of small-R sub-jets Nsub-jet

that served as constituents during the reclustering procedure to form large-R jet as described in
section 5.3.1. Indeed, each dark pion contained in the emerging jets decays back to SM quarks that
then produce SM jets. The internal structure of the emerging jets is thus supposed to consists in
several sub-jets contained inside a larger jet. The distributions in background and signal events of
Nsub-jet for the leading jet is shown in Figure 5.17.a, in addition to the data and MC distributions
in the muon control region in Figure 5.17.b. The agreement is globally correct in the bulk of the
distribution between data and MC events.

The corresponding selection that defines the SR is Nsub-jet ≥ 3 applied to both leading and
sub-leading jets. The selections defining the SR are summarized in Table 5.5 : in a complementary
way, they allow to select events by fully exploiting the particularities of the emerging jets. As it
will be explained in the following section, the events passing all the selections except the one on
Nsub-jet will be used for background estimation.
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Figure 5.17: Nsub-jet distributions (a) for QCD and signal events corresponding to mπd = 10 GeV and
cτπd = 5 mm after the application of the emerging jet trigger and (b) for data and MC events in the muon
control region.

Selections

Leading and sub-leading jet Nvtx ≥ 1
Leading and sub-leading jet Nsub-jet ≥ 3

Table 5.5: Selections applied in the low-mjj channel of the cut-based approach.

The cutflows for MC background and signal events for two different cτπd are presented in Table
5.6 and 5.7 respectively. The MC background events are normalized to an integrated luminosity of
51.8 fb−1 corresponding to the amount of data that is used in this analysis, while the numbers of
signal events are unweighted and correspond to the numbers of generated events.

The cutflows for signal events present two notable differences between cτπd = 5 mm and cτπd = 50
mm considering the selection efficiencies. The selection on PTF has a better efficiency for the signal
corresponding to cτπd = 50 mm, while the one on Nvtx select more efficially the signal corresponding
to cτπd = 5 mm. Indeed, for two signal corresponding to the same mZ′ and mπd , the one with the
lowest value of cτπd will produce more prompt tracks and thus lead to jets with higher PTF. On
the other hand, as explained in section 4.2.2, the vertex reconstruction efficiency is reduced at
large radius in the detector, leading to a lower efficiency for the selection on Nvtx for the signal
corresponding to the higher dark pion lifetime.
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QCD di-jet tt̄ Background Rejection [%]

Emerging jet trigger & Njet ≥ 2 19418139 35776 19453915
Trigger-matched jet :

pT > 250 GeV & PTF < 0.04 4619505 7223 4626728 76

Leading & and sub-leading jets :
|η| < 1.5, OR with γ & ∆PTF < 0.4 2321488 4271 2325759 50

Leading & and sub-leading jets : Nvtx ≥ 1 545 3 548 100
mjj ≤ 1 TeV 470 2 472 14

Leading & and sub-leading jets : Nsub-jet ≥ 3 2 1 3 99

Table 5.6: Cutflow for MC background events normalized to 51.8 fb−1. The background rejection
quantifies the fraction of background events that are rejected by a selection.

cτπd = 5 mm ε [%] cτπd = 50 mm ε [%]

Initial 200000 200000
Emerging jet trigger & Njet ≥ 2 44585 22 50279 25

Trigger-matched jet :
pT > 250 GeV & PTF < 0.04 20843 47 33958 68

Leading & and sub-leading jets :
|η| < 1.5, OR with γ & ∆PTF < 0.4 14818 71 25032 74

Leading & and sub-leading jets : Nvtx ≥ 1 3820 26 2470 10
mjj ≤ 1 TeV 3754 98 2424 98

Leading & and sub-leading jets : Nsub-jet ≥ 3 1845 49 1229 51

Table 5.7: Cutflow for signal events corresponding to mZ′ = 600 GeV, mπd = 5 GeV and cτπd = 5, 50
mm. The initial line corresponds to the number of generated events, and the efficiency of each
selection is represented by ε.
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5.7 Background estimation

5.7.1 ABCD method
To estimate the background contribution in the SR, a data driven method (i.e relying on data)
named «ABCD method» is used. Indeed, given the very particular selections applied in this analy-
sis, the background events selected in the SR are subject to MC simulation mis-modelling and are
thus not reliable to estimate the background precisely.

The ABCD method relies on the definition of three distinct control regions (CRs) that are all
orthogonal to the SR. More precisely, if the SR is defined with two selections, the CRs are obtained
by inverting one or two of the selections. In this way, these CRs are enriched in background events
while the signal is mainly populating the SR.

For example, if the SR, that is named region A, is defined with two continuous observables v1

and v2 such as v1 > 60 and v2 > 50, the three CRs named B, C and D can be defined as :

• Region B : v1 < 60 and v2 > 50,

• Region C : v1 > 60 and v2 < 50,

• Region D : v1 < 60 and v2 < 50.

The four regions form an «ABCD plane» which is schematized in Figure 5.18 [80], with data
events in the three control regions in addition to the signal repartition in the plane. To predict the
background contribution in the region A, the ABCD method relies on the assumption that v1 and
v2 are independent for background events, leading to the formula :

Nbkg
A = Nbkg

B ×Nbkg
C /Nbkg

D (5.4)

with Nbkg
X the number of background events in the region X. Moreover, if the signal presence is

negligible in these CRs, Nbkg
X can be approximated by Nobs

X , the number of observed data events in
the region X, leading to :

Nbkg
A ≈ Nobs

B ×Nobs
C /Nobs

D . (5.5)

With this method, the background contribution in the SR can be estimated by only considering
the data in the CRs with the SR said to be «blinded».

Moreover, instead of considering that Nbkg
X ≈ Nobs

X in the CRs, a simultaneous likelihood fit
can be performed to adjust the value of Nbkg

X to the data by taking into account the signal event
repartition in the ABCD plane. This will be detailed in section 5.9.

The ABCD method is used to estimate background for the cut-based approach in both the low
and high-mjj channels.
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Figure 5.18: Illustrative ABCD plane. The black distribution corresponds to blinded data events
(i.e not including the events in region A), and the red one correspond to signal events [80].

In the low-mjj channel, the variables used to defined the ABCD plane are the number of sub-
jets for the leading and the sub-leading jet N lead.

sub-jet and N sub-lead.
sub-jet . Indeed, regarding Tables 5.6 and

5.7, Nsub-jet demonstrates a strong discriminating power with a good balance between background
rejection and signal selection. Moreover, choosing a variable computed from different jets can help
to minimize direct correlation.

The four regions are defined as :

• Region A : N lead.
sub-jet ≥ 3 and N sub-lead.

sub-jet ≥ 3,

• Region B : N lead.
sub-jet < 3 and N sub-lead.

sub-jet ≥ 3,

• Region C : N lead.
sub-jet ≥ 3 and N sub-lead.

sub-jet < 3,

• Region D : N lead.
sub-jet < 3 and N sub-lead.

sub-jet < 3.

These regions are filled with events passing all the selections detailed previously except the one
on Nsub-jet. The distributions in the ABCD plane of the MC background and signal events are
illustrated in Figures 5.19, 5.20 and 5.21, and show a satisfying separation between background
and signal events.

The MC background event yields in the four regions is presented in Table 5.8. It can be observed
that the statistical uncertainties on the different numbers of events are large : it is due both to the
limited number of events available and to several MC events having large weights. It is thus difficult
to conclude on the independence of the two variables based on MC events. As a consequence, the
validation of the ABCD method, i.e the verification of the validity of the equation (5.4), has been
done in data in a signal free ABCD plane as it will be detailed in the following.
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Figure 5.19: ABCD plane (a) for MC background and (b) signal events corresponding to mπd = 5 GeV,
cτπd = 5 mm and mZ′ = 600 GeV.
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Figure 5.20: ABCD plane for signal events corresponding to (a) mπd = 10 GeV, cτπd = 5 mm and
mZ′ = 600 GeV and (b) mπd = 10 GeV, cτπd = 50 mm and mZ′ = 600 GeV.

The repartition of the signal events in the four regions is presented in Table 5.9. For each signal,
it corresponds to NX/(NA +NB +NC +ND), where NX is the number of signal events in the region
X ∈ {A, B, C, D}. As expected, the signal events are mainly populating the region A.
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Figure 5.21: ABCD plane for signal events corresponding to (a) mπd = 20 GeV, cτπd = 5 mm and
mZ′ = 600 GeV and (b) mπd = 20 GeV, cτπd = 50 mm and mZ′ = 600 GeV.

QCD di-jet tt̄ Background

A 2.1 ± 1.5 0.6 ± 0.2 2.7 ± 1.5
B 84 ± 38 0.6 ± 0.2 85 ± 38
C 98 ± 41 0.7 ± 0.2 99 ± 41
D 280 ± 110 0.6 ± 0.2 280 ± 110

B × C/D 30 ± 22

Table 5.8: MC background event yields in the ABCD plane with the associated statistical uncer-
tainties.

A B C D

mπd = 5 GeV, cτπd = 5 mm 49 21 21 9
mπd = 5 GeV, cτπd = 50 mm 51 20 21 8
mπd = 10 GeV, cτπd = 5 mm 56 19 19 6
mπd = 10 GeV, cτπd = 50 mm 56 19 19 6
mπd = 20 GeV, cτπd = 5 mm 51 20 20 9
mπd = 20 GeV, cτπd = 50 mm 51 19 22 8

Table 5.9: Repartition in the ABCD plane of the signal events corresponding to mZ′ = 600 GeV.
The numbers are in %.
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5.7.2 Validation
To validate the ABCD method, an alternative ABCD plane is used. It exploits the jet classification
score provided by the tagging algorithm that is used in the ML-based approach. Indeed, this
tagging algorithm has been trained to be able to differentiate QCD jets from emerging ones. It has
been developed to output, for a given jet, a classification score corresponding to the probability
that the considered jet is an emerging one. The distribution of this jet classification score for data,
MC background and signal events is shown in Figure 5.22 [57].
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Figure 5.22: Normalized distributions of the jet classification score for jets from data, simulated
multijets and signal events passing the ML-based high-mjj channel pre-selections [57].

A signal-free ABCD plane can thus be defined by applying the same selections as the nominal
ABCD plane and requiring that both leading and sub-leading jets have a score below 0.95. The MC
background event yields in this signal-free ABCD plane are nearly unchanged with respect to the
yields in the nominal one as shown in Table 5.10, while the signal events are completely removed.

Signal-free QCD di-jet tt̄ Background

A 2.1 ± 1.5 0.5 ± 0.2 2.6 ± 1.5
B 84 ± 38 0.4 ± 0.2 85 ± 38
C 98 ± 41 0.6 ± 0.2 99 ± 41
D 230 ± 110 0.5 ± 0.2 230 ± 110

Table 5.10: MC background event yields in the signal-free ABCD plane.

The repartition of the data events in the signal-free ABCD plane is shown in Figure 5.23.a, and
the number of observed events in the four regions defined with the nominal selections on Nsub-jet

are presented in Table 5.11.
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Figure 5.23: Distribution of data events in the signal-free ABCD plane.

Signal-free Data

A 8
B 39
C 25
D 77

B × C/D 12.7 ± 4.2 (stat.)

Table 5.11: Observed yields in the signal-free ABCD plane.

To validate the ABCD method, the principle is the following : four regions can be defined with
two values N1 and N2 such as :

• Region A’ : N lead.
sub-jet ≥ N1 and N sub-lead.

sub-jet ≥ N2

• Region B’ : N lead.
sub-jet < N1 and N sub-lead.

sub-jet ≥ N2

• Region C’ : N lead.
sub-jet ≥ N1 and N sub-lead.

sub-jet < N2

• Region D’ : N lead.
sub-jet < N1 and N sub-lead.

sub-jet < N2

as illustrated in Figure 5.23.b. Then, for a given couple (N1, N2), the number of observed events
in A’ can be compared to the expected number of events computed as N exp

A’ = NB’×NC’/ND’, with
NX’ the observed number of events in X’. This comparison has been done with all the possible
values for N1 and N2 as shown in Figure 5.24.

The available statistics is extremely low and leads to important statistical uncertainties, but
the predicted numbers of events remain compatible with the observed ones. However, a non-closure
systematic uncertainty on the prediction is derived as described in the next section.
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Figure 5.24: Comparison between the observed and expected number of events in A′ with all the possible
values for (N1, N2) being scanned.
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5.7.3 Non-closure uncertainty
This non-closure uncertainty is determined using data in the nominal ABCD plane, i.e with the se-
lection on the jet classification score removed in order to determine this uncertainty independently
from the ML-based approach.

Setting a non-closure uncertainty may also help to take into account a potential indirect de-
pendence between the number of sub-jets for the leading and sub-leading jets. Indeed, given that
Nsub-jet is potentially correlated to event observables such as µ (cf section 3.3.2) or the number of
primary vertex, N lead.

sub-jet and N sub-lead.
sub-jet may be indirectly dependent in data.

The uncertainty has been derived as f × σstat(N exp
A ) with σstat(N exp

A ) the statistical uncertainty
in the expected background in the SR. To determine f , data events in regions B, C and D have
been considered.

First in B and D regions, i.e with events passing N lead.
sub-jet < 3, four regions are defined such as :

• Region R1 : N lead.
sub-jet = 2 and N sub-lead.

sub-jet ≥ N

• Region R2 : N lead.
sub-jet = 1 and N sub-lead.

sub-jet ≥ N

• Region R3 : N lead.
sub-jet = 2 and N sub-lead.

sub-jet < N

• Region R4 : N lead.
sub-jet = 1 and N sub-lead.

sub-jet < N

with N varying from 2 to 5 as illustrated in Figure 5.25. For each N , the prediction in R1 is com-
puted such as N exp

R1 = NR2 ×NR3/NR4 with NRX the number of observed events in RX . Moreover,
the quantity |N exp

R1 −NR1|/
√
σ2

stat(N exp
R1 ) + σ2

stat(NR1), with σstat(N exp
R1 ) the statistical uncertainty on

N exp
R1 and σstat(NR1) the one on NR1 , is computed (cf Table 5.12). It represents the significance of

the difference between the observed and expected yields in R1.

Moreover in C and D with events passing N sub-lead.
sub-jet < 3, four regions are defined such as :

• Region R1′ : N lead.
sub-jet ≥ N ′ and N sub-lead.

sub-jet = 2

• Region R2′ : N lead.
sub-jet < N ′ and N sub-lead.

sub-jet = 2

• Region R3′ : N lead.
sub-jet ≥ N ′ and N sub-lead.

sub-jet = 1

• Region R4′ : N lead.
sub-jet < N ′ and N sub-lead.

sub-jet = 1

with N ′ varying from 2 to 5 as illustrated in Figure 5.26. Similarly, for each N ′, the prediction in
R1′ given by N exp

R1′ = NR2′ ×NR3′/NR4′ and |N exp
R1′ −NR1′ |/

√
σ2

stat(N exp
R1′ ) + σ2

stat(NR1′ ) are computed
(cf Table 5.13).

Finally, f is computed as the average of the quantity |N exp−N |/
√
σ2

stat(N exp) + σ2
stat(N) across

all the R1 and R1′ regions, giving an f value of around 1. The non-closure uncertainty thus
corresponds to 1.0× σstat(N exp

A ), and is taken into account as a systematic uncertainty during the
statistical interpretation (cf section 5.9).
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Figure 5.25: Regions B and D used to derive the non-closure uncertainty.
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Figure 5.26: Regions C and D used to derive the non-closure uncertainty.
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B and D NR1 N exp
R1 σstat(NR1) σstat(N exp

R1 ) |NR1 −N
exp
R1 |/

√
σ2

stat(NR1) + σ2
stat(N exp

R1 ) [%]

N = 2 34 84.4 6.9 34.4 143.5
N = 3 20 32.2 5.5 11.7 94.3
N = 4 1 7.8 2.3 5.0 125.1
N = 5 0 0.0 1.8 2.2 0.0

Average 90.7

Table 5.12: Number of observed and expected events in addition to the associated statistical un-
certainties in each possible R1 region used to derive the non-closure uncertainty.

C and D NR1′ N exp
R1′ σstat(NR1′ ) σstat(N exp

R1′ ) |NR1′ −N exp
R1′ |/

√
σ2

stat(NR1′ ) + σ2
stat(N exp

R1′ ) [%]

N ′ = 2 35 50.8 7.0 23.2 65.3
N ′ = 3 21 8.0 5.7 3.6 194.3
N ′ = 4 9 2.9 4.1 2.4 128.8
N ′ = 5 1 0.8 2.3 1.9 6.3

Average 98.7

Table 5.13: Number of observed and expected events in addition to the associated statistical un-
certainties in each possible R1′ region used to derive the non-closure uncertainty.
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5.8 Signal systematic uncertainties
The systematic uncertainties concerning the modelling of the signal events have to be considered.
They correspond either to experimental uncertainties associated to the reconstruction of the physi-
cal objects that are used, or to theoretical uncertainties related to the MC particle generator. Each
of these systematic uncertainties affects the signal acceptance.

5.8.1 Experimental
As explained in section 5.3.1, it is the small-R jets that are calibrated. The systematic uncertainties
related to the calibration of the small-R jets are thus propagated to the large-R jets. They consists
either in uncertainty on the jet energy scale (JES) or on the jet energy resolution (JER) that arise
from differences between data and MC. For each systematics related to the JES, the jet energy
nominal values are varied according to positive and negative variations as illustrated in Figure
5.27. On the other hand, for each systematics related to the JER, a smearing is applied to the jet
energy response distributions.
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Figure 5.27: Impact of a JES systematic uncertainty on (a) the jet pT and on (b) the dijet invariant mass
mjj for signal events corresponding to mZ′ = 0.6 TeV, mπd = 10 GeV and cτπd = 5 mm.

The systematics related to the tracks allow to take into account the uncertainty on the track
reconstruction efficiency or on the evaluation of the track impact parameters d0 and z0. For each of
these systematic uncertainties, a collection of tracks varied from the nominal one is obtained and
used to re-compute track-based observables like the PTF.

The track systematic uncertainties also impact the vertex reconstruction. By combining all the
track systematics, a collection of secondary vertices varied from the nominal one is obtained, and
Nvtx can be re-computed.
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Moreover, the application of the weight wpile-up in the equation (5.1), procedure that is named
pile-up re-weighting (PRW), has a corresponding systematic that needs to be considered. Indeed,
the application of wpile-up aims to obtain the same distribution of µ between data and MC events.
However, given that differences exist in the evaluation of µ between data and MC, the PRW proce-
dure is affected by a systematic uncertainty. This one is taking into account through up and down
variations of wpile-up, leading to modified MC event weights.

Finally, an uncertainty in the total integrated luminosity is also considered, which is about 2%
for the data collected in 2022 and 2023.

5.8.2 Theoretical
The theoretical uncertainties are related to the uncertainties in the QCD parameters that are used
during the MC simulations. These uncertainties are related to the renormalization and factorization
scales and αS value, and to the parton shower tuning parameters that determine the quantity of
ISR and FSR in the events that impact the jet sub-structure. Each theoretical systematic is taken
into account through varied MC event weights wMC that are produced by the particle generator.

5.8.3 Total
For each systematic and for a given signal, the varied event yield in the SR is computed. It can be
greater or lower than the nominal yield, and thus lead to positive or negative relative variation.

To each JES systematic corresponds a +1σ and a −1σ variation. The positive (negative) relative
variations to the nominal yield are summed in quadrature in order to compute the global up (down)
variation coming from the jet systematic uncertainties. Similarly, there is a positive and a negative
variation related to the single PRW uncertainty. Ultimately, for both jet and PRW systematics, the
final relative variation is taken to be the greatest variation in absolute value between the positive
and the negative one.

On the other hand for the track and JER systematics, only negative variations are considered.
As a consequence, the down variations are symmetrized to obtain the up ones. Similarly as for the
jet systematics, the relative variations to the nominal yield due to track uncertainties are summed
in quadrature to obtain the total variation.

Concerning the theoretical uncertainties, the procedure is different. Indeed in this case, the dif-
ferent systematics correspond to variations of the same set of QCD parameters. As a consequence,
the relative variations due to each theoretical systematic are not summed, but it is instead the great-
est variation in absolute value that is symmetrized and taken to be the total theoretical uncertainty.

The Tables 5.14, 5.15 and 5.16 present for different signals the relative variations due to each
type of systematics, in addition to the total uncertainty which is obtained by summing in quadrature
all the variations.
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Theoretical Jet Track Vertex PRW Total

mπd = 5 GeV, cτπd = 5 mm ± 5.0 ± 21.9 ± 1.0 ± 4.2 ± 0.8 ± 22.9
mπd = 5 GeV, cτπd = 50 mm ± 7.1 ± 15.3 ± 0.3 ± 6.9 ± 3.7 ± 18.6
mπd = 10 GeV, cτπd = 5 mm ± 6.4 ± 22.0 ± 1.8 ± 3.0 ± 0.3 ± 23.2
mπd = 10 GeV, cτπd = 50 mm ± 6.2 ± 13.8 ± 0.7 ± 5.4 ± 2.6 ± 16.3
mπd = 20 GeV, cτπd = 5 mm ± 6.7 ± 17.2 ± 3.1 ± 3.0 ± 1.0 ± 18.9
mπd = 20 GeV, cτπd = 50 mm ± 8.6 ± 14.4 ± 1.3 ± 5.1 ± 1.9 ± 17.7

Table 5.14: Relative variation (%) on the signal yield in the SR for different signals corresponding
to mZ′ = 0.6 TeV.

Theoretical Jet Track Vertex PRW Total

mZ′ = 0.6 GeV ± 6.4 ± 22.0 ± 1.8 ± 3.0 ± 0.3 ± 23.2
mZ′ = 0.8 GeV ± 5.6 ± 7.4 ± 2.3 ± 2.8 ± 1.6 ± 10.1
mZ′ = 1.0 GeV ± 5.2 ± 3.7 ± 1.6 ± 2.6 ± 1.7 ± 7.3

Table 5.15: Relative variation (%) on the signal yield in the SR for different signals corresponding
to mπd = 10 GeV and cτπd = 5 mm.

Theoretical Jet Track Vertex PRW Total

cτπd = 1 mm ± 6.6 ± 31.0 ± 6.1 ± 4.9 ± 0.5 ± 32.6
cτπd = 5 mm ± 6.4 ± 22.0 ± 1.8 ± 3.0 ± 0.3 ± 23.2
cτπd = 10 mm ± 7.0 ± 18.8 ± 2.7 ± 4.4 ± 2.7 ± 20.9
cτπd = 50 mm ± 6.2 ± 13.8 ± 0.7 ± 5.4 ± 2.6 ± 16.3
cτπd = 100 mm ± 9.2 ± 17.0 ± 2.8 ± 6.0 ± 4.1 ± 20.8

Table 5.16: Relative variation (%) on the signal yield in the SR for different signals corresponding
to mZ′ = 0.6 TeV and mπd = 10 GeV.

It can be noticed that the jet systematics are largely dominant for signal corresponding to
mZ′ = 0.6 TeV : indeed, systematic variations of the jet pT distribution can lead to important
variations in terms of acceptance since for mZ′ = 0.6 TeV signal, the peak of the distribution is
close to the 250 GeV pT threshold that is applied. It is also possible to see that for signals corre-
sponding to mZ′ = 0.8 and 1.0 TeV, the jet systematics have a reduced impact since the peaks of
the corresponding jet pT distributions are situated at higher values. It is also possible to see that
the track systematics are more impacting signals corresponding to lower cτπd , since the produced
jets are expected to contain a larger amount of tracks than the ones coming from higher cτπd signals.

For each signal, the total relative variation is taken as a systematic uncertainty during the
statistical interpretation.
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5.9 Statistical interpretation
The numbers of observed events in the four regions of the ABCD plane are presented in Table
5.17, in addition to the background prediction in the SR obtained with the application of the
equation (5.5). It can be seen that the observed number of events in the SR is in agreement with
the prediction within the total uncertainty, which corresponds to the sum in quadrature of the
statistical and systematic uncertainties.

Data

A 10
B 43
C 34
D 84

B × C/D 17.4 ± 5.1 (stat.) ± 5.1 (syst.) = 17.4 ± 7.2 (total)

Table 5.17: Observed yields in the ABCD plane.

As there are only 10 events in the SR, their properties are presented in Table 5.18.

pT [GeV] η φ PTF Nsub-jet mjj [GeV]

(277.0, 202.4) (-1.16, -0.61) (2.16, -0.92) (0.033, 0.412) (3, 4) 526.4
(291.4, 248.3) (0.43, 1.29) (0.81, -2.42) (0.02, 0.292) (3, 3) 610.7
(425.5, 234.9) (0.19, -1.4) (-0.73, 2.17) (0.039, 0.489) (4, 4) 868.2
(414.4, 397.1) (0.46, -0.16) (-2.04, 1.31) (0.027, 0.004) (3, 3) 871.5
(298.0, 215.1) (-0.33, 1.05) (-0.72, 1.84) (0.032, 0.719) (3, 3) 631.0
(290.7, 287.6) (-0.76, 0.48) (0.37, -1.74) (0.035, 0.495) (4, 5) 687.4
(295.1, 255.5) (-0.45, 1.45) (1.55, -1.48) (0.19, 0.009) (3, 3) 838.1
(309.5, 270.9) (1.35, 1.05) (-2.54, 0.69) (0.447, 0.02) (3, 4) 620.4
(395.9, 377.5) (-0.72, -0.02) (2.97, -0.02) (0.03, 0.629) (3, 3) 873.2
(408.4, 373.6) (0.21, -0.69) (-1.86, 1.28) (0.027, 0.364) (3, 4) 908.6

Table 5.18: Events in the low-mjj cut-based SR. For a jet variable X, the numbers are such that
(X lead., Xsub-lead.), i.e the first (second) number in the parenthesis corresponds to the (sub-)leading
jet.

These results need then to be interpreted in order to set upper limits on the production cross-
section of the signal σ(pp→ Z ′)×BR(Z ′ → q̄dqd), or to exclude values for the different parameters
of the theoretical benchmark model. This interpretation is performed through a statistical test
based on a likelihood function.
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5.9.1 Statistical model
With P and G representing respectively Poisson and Gaussian distributions, the likelihood function
used for the statistical interpretation is given by :

L(µ, θ) =
∏

X∈{A, B, C, D}
P(NX|N exp

X (µ, θ))×
∏
i

G(θi) (5.6)

where µ is the signal strength, θ represents nuisance parameters that encode the set of systematic
uncertainties both on the signal and background prediction, and NX and N exp

X represent respectively
the number of observed and expected events in the region X. The expected yield N exp

X is equal
to µN sig

X + Nbkg
X where N sig

X is the number of expected signal event and Nbkg
X the expected back-

ground yield. P(NX|N exp
X ) is thus representing the Poisson probability of observing NX events given

the expected yield N exp
X , and G(θi) corresponds to Gaussian constraint on the nuisance parameter θi.

The number of background events are expressed using three free parameters µB, τB and τC such
as :

Nbkg
A = µB

Nbkg
B = µB × τB

Nbkg
C = µB × τC

Nbkg
D = µB × τB × τC

and thus imposing the relation from the equation (5.4). In addition to µ, the likelihood function
thus involves four free parameters.

The numbers of observed events NX are provided to the likelihood function, in addition to the
numbers of signal events N sig

X in the four regions. The likelihood fit consists then in finding the set
of parameters µ, µB, τB and τC that maximized the function. In this way, the post-fit background
prediction in the signal region Nbkg

A can be different from the one presented in Table 5.17 that has
been obtained by computing NB ×NC/ND.

5.9.2 Test statistic for upper limits
Given that no excess has been observed, a test statistic must be performed to find the maximum
allowed value for the signal strength µup regarding the observed data. This upper limit is such that
any value of µ higher than µup is excluded at a given confidence level, which is usually set to 95 %.

The definition of the test statistic is based on the profile likelihood ratio λ(µ) [81] that corre-
sponds to :

λ(µ) = L(µ, ˆ̂
θ(µ))

L(µ̂, θ̂)
(5.7)

with ˆ̂
θ(µ) corresponding to the value of θ that maximizes L for a given µ, and µ̂ and θ̂ are the

parameters that maximize the likelihood function.
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In this way, λ(µ) is a number that is comprised between 0 and 1, with λ close to 1 implying a
great agreement between the data and the tested value of µ.

Then, for µ̂ > 0, the test statistic for upper limits qµ is defined as :

qµ =
{
−2 lnλ(µ) µ̂ ≤ µ

0 µ̂ > µ.
(5.8)

In this way, higher values of qµ correspond to important incompatibilities between the data and
the tested value of µ.

The level of agreement between the data and a hypothesized µ is quantified with the p-value
that is expressed as :

pµ =
∫ ∞
qµ, obs

f(qµ|µ)dqµ (5.9)

with qµ, obs the value of the test statistic observed in data for a given µ, and f(qµ|µ) the probabil-
ity density function of qµ by assuming the hypothesis µ in data. In this way, a large value of pµ
corresponds to an important probability that the observation is compatible with µ.

Then, the CLs [82] is defined as :
CLs = pµ

1− pb
(5.10)

with 1 − pb =
∫∞
qµ, obs

f(qµ|0)dqµ, and decreases with µ. The observed upper limit on the signal
strength is finally taken as the maximum value of µ for which CLs < 1− α, with α the confidence
level (CL). In general, α is set to 95% and thus 1 − α is equal to 0.05. This upper limit on the
signal strength can then be translated into an upper limit on the signal cross-section.

In order to evaluate pµ and pb, it is necessary to know the distributions of f(qµ|µ′), where µ
corresponds to the value that is tested and µ′ is the one that is assumed in data, especially with
µ′ = µ and µ′ = 0. These distributions are obtained using the asymptotic formulae approximation
as referred in [81].

Finally, expected upper limits and corresponding ±1 and ±2σ bands are computed also with
the CLs by considering Asimov datasets, i.e datasets built by setting the observed yields equal to
the expected ones.

5.9.3 Results
The construction of the statistical model and the implementation of the likelihood function has
been made with the pyhf framework [83, 84].

The post-fit numbers of background events are presented in Table 5.19. These numbers has
been obtained by considering signals corresponding to mπd = 10 GeV and cτπd = 5 mm, but they
are similar among the different signals. Given the extremely low post-fit value for µ × N sig

A that
represents the number of signal events in the SR, N exp

X is nearly equal to Nbkg
X in the four regions.
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Post-fit Nbkg
A Nbkg

B Nbkg
C Nbkg

D µ×N sig
A

mZ′ = 0.6 TeV 15 ± 3 41 ± 12 32 ± 9 86 ± 29 0.0 ± 3.7
mZ′ = 0.8 TeV 15 ± 3 41 ± 12 32 ± 9 86 ± 29 0.0 ± 3.6
mZ′ = 1 TeV 15 ± 3 41 ± 12 32 ± 9 86 ± 29 0.0 ± 3.4

Table 5.19: Post-fit expected yields for signals corresponding to mπd = 10 GeV and cτπd = 5 mm.

For the same signals, the observed and expected upper limits (ULs) on µ×N sig
A are presented

in Table 5.20. The observed and expected CLs as a function of the number of signal events in the
SR is shown in Figure 5.28. These upper limits on µ × N sig

A are in the same order of magnitude
between the different signals and differ mainly on the ±1 and ±2σ bands, reflecting the relative
systematic uncertainties.

ULs on µ×N sig
A Observed Expected −2σ −1σ +1σ +2σ

mZ′ = 0.6 TeV 10.8 14.6 7.5 10.1 22.0 33.8
mZ′ = 0.8 TeV 9.6 12.7 7.0 9.3 17.9 25.0
mZ′ = 1 TeV 9.3 12.3 6.8 9.0 17.3 23.8

Table 5.20: Observed and expected ULs on the number of signal events in the SR for signals
corresponding to mπd = 10 GeV and cτπd = 5 mm.
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Figure 5.28: Observed and expected CLs as a function of the number of signal events in the SR for two
different signals. The red line indicates the threshold at 0.05.

The corresponding ULs on σ(pp → Z ′) × BR(Z ′ → q̄dqd) are presented in Table 5.21. They
have been computed by dividing the upper limits on µ×N sig

A by Lint × feff × k × A, with Lint the
integrated luminosity equal to 51.8 fb−1, feff the efficiency filter, k the k−factor (cf section 5.2.2)
and A the signal acceptance as evaluated with the MC generated events.

121



It is possible to see that the UL set on the signal corresponding to mZ′ = 600 GeV is significantly
higher than the ones set on higher masses, while the ULs on the number of signal events in the SR
shown in Table 5.20 are of the same order of magnitude. It is a direct consequence of the selection
pT > 250 GeV that is applied to the trigger-matched jet, reducing particularly the acceptance of
mZ′ = 0.6 TeV with respect to higher masses. Moreover, because the number of observed events in
the SR is lower than the expected one, the observed ULs are lower than the expected ones.

ULs on σ(pp→ Z ′)× BR(Z ′ → q̄dqd) [fb] Observed Expected −2σ −1σ +1σ +2σ

mZ′ = 0.6 TeV 52.1 70.3 36.4 48.8 106.2 163.5
mZ′ = 0.8 TeV 5.5 7.3 4.0 5.3 10.2 14.3
mZ′ = 1 TeV 2.8 3.7 2.0 2.7 5.2 7.1

Table 5.21: Observed and expected ULs on σ(pp→ Z ′)×BR(Z ′ → q̄dqd) for signals corresponding
to mπd = 10 GeV and cτπd = 5 mm.

The 95% CL ULs on σ(pp→ Z ′)×BR(Z ′ → q̄dqd) as a function of mZ′ for cτπd = 5, 50 mm, and
as a function of cτπd for mZ′ = 600 GeV are finally presented in Figure 5.29 and 5.30 respectively.
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Figure 5.29: Observed and expected upper limits on σ(pp → Z ′) × BR(Z ′ → q̄dqd) as a function of mZ′

for (a) cτπd = 5 mm and (b) cτπd = 50 mm.

The effect of the mjj selection is directly observable in Figures 5.29.a and 5.29.b through the
increase of the upper limits from mZ′ = 1.2 to 1.8 TeV. As it will be explained in the next section,
the low-mjj results will be combined with the high-mjj ones in the final analysis results, allowing
to set consistent exclusion limits across all the considered range in mZ′ .
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Figure 5.30: Observed and expected upper limits on σ(pp→ Z ′)×BR(Z ′ → q̄dqd) as a function of
cτπd for mZ′ = 600 GeV.

Regarding the upper limits obtained as a function of cτπd at fixed mZ′ and mπd , it is possible
to notice that the sensitivity is reduced at both low and high cτπd values, i.e cτπd ∼ 1 mm and
cτπd ∼ 500 mm respectively. In the first case, it comes from the fact that signal events corresponding
to lower cτπd values are expected to contain jets with larger PTF than the ones corresponding to
higher cτπd , and thus are more subject to be rejected by the trigger and the selection on the PTF.
In the second case, this loss of sensitivity is due to the reduced track reconstruction efficiency at
higher radius in the inner detector : the secondary vertex reconstruction efficiency is thus also
reduced, such as the efficiency of the selection on Nvtx.
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5.10 Analysis signal regions
The selections that defined the high-mjj cut-based signal region are shown in Figure 5.31 [57]. The
background contribution is estimated using the ABCD method with the leading and sub-leading
jet PTF defining the four regions, as shown in Figure 5.32.a and 5.32.b for MC background and
signal events respectively [57].

Preselection Low-𝑚 𝑗 𝑗 High-𝑚 𝑗 𝑗

leading jet 𝑝T – > 520 GeV
subleading jet 𝑝T – > 300 GeV
trigger-matched jet 𝑝T > 250 GeV, PTF < 0.04 –
leading and subleading jet PTF < 1.0
leading and subleading jet ΔPTF < 0.4
leading and subleading jet 𝑁vtx ≥ 1
leading and subleading jet ECF2/𝑝T – > 40 GeV
𝑚 𝑗 𝑗 < 1 TeV > 1 TeV
number of jets ≥ 2

Signal Region

leading and subleading jet 𝑁subjet ≥ 3 –
leading and subleading jet PTF – < 0.2

Figure 5.31: Selections defining the low and high-mjj cut-based signal regions [57].
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Figure 5.32: ABCD plane in the high-mjj channel for (a) MC background and (b) signal events corre-
sponding to mZ′ = 1.5 TeV, mπd = 10 GeV and cτπd = 5 mm [57].

On the other hand, the selections defining the ML-based signal regions are shown in Figure 5.33
[57]. After the different pre-selections applied, the SRs are defined by requiring at least two jets
tagged as emerging jets, i.e having a classification score (cf Figure 5.22) higher than 0.98.
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Variable Low-𝑚 𝑗 𝑗 High-𝑚 𝑗 𝑗

leading jet 𝑝T > 300 GeV > 520 GeV
trigger-matched jet 𝑝T > 300 GeV & PTF < 0.04 -
sub-leading jet 𝑝T > 200 GeV > 300 GeV
𝑚 𝑗 𝑗 < 1 TeV > 1 TeV
number of jets ≥ 2
number of tagged jets (𝑝EJ > 0.98) CR: 0, 1; SR: ≥ 2

Figure 5.33: Selections defining the low and high-mjj ML-based signal regions [57].

To estimate the background, the ML-based approach rely on a data-driven method based on
mis-tag rate. The probability that a given background jet will be mis-tagged as an emerging jet is
determined as a function of the jet pT and PTF. It is directly computed in data in control regions
defined with events having strictly less than two jets tagged.

Then, the probabilities to mis-tag exactly zero, one or at least two background jets for a given
event are computed using the formulas :

P (0 tag|event) =
njets∏
i=1

(1− P (tag|ji))

P (1 tag|event) =
njets∑
i=1

P (tag|ji)×
∏
k 6=i

(1− P (tag|jk))

P (≥ 2 tags|event) = 1− P (0 tag|event)− P (1 tag|event)

with P (tag|ji) the probability to mis-tag the jet i and njets the number of jets in the event. The
background prediction in the SR is then obtained by computing ∑

event
P (≥ 2 tags|event) with the sum

occurring on all the pre-selected events. The way the uncertainties on the background estimation
are computed is detailed in [57].
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5.11 Analysis results
The observed and expected yields in the different SRs of the analysis are shown in Figure 5.34 [57].
It is possible to see that the observed number of events are all in agreement with the background
expectations within the total uncertainties.

Strategy Region Prediction (± stat ± syst) Observed yield

Cut-based
High-𝑚 𝑗 𝑗 7.5 ±1.1 ±1.1 8

Low-𝑚 𝑗 𝑗 17.4 ±5.1 ±5.1 10

ML-based
High-𝑚 𝑗 𝑗 4.5 ±0.3 ±2.8 3

Low-𝑚 𝑗 𝑗 31.8 ±0.8 ±7.5 24

Figure 5.34: Observed and expected yields in the different SRs including the statistical and sys-
tematic uncertainties on the prediction. The predictions in the cut-based regions correspond to the
ones obtained with NB ×NC/ND [57].

In order to compare the sensitivity of the two approaches, two different statistical interpreta-
tions are performed, one for the cut-based and one for the ML-based strategy. Moreover, for each
interpretation, the low and high-mjj regions are combined in the likelihood function.

Concerning the cut-based analysis, the global likelihood is built as :

L(µ, θ) =
∏

r∈{low-mjj , high-mjj}

∏
X∈{A, B, C, D}

P(NX(r)|N exp
X(r)(µ, θ))×

∏
i

G(θi) (5.11)

with NX(r) and N exp
X(r) the observed and expected number of events in the region X in the channel

r (either low or high-mjj), and with the gaussian terms incorporating the uncertainties both from
low and high-mjj channels. The ABCD method estimation is performed separately in the two
channels. Therefore, there are three free parameters µ(r)

B , τ (r)
B and τ

(r)
C for each channel r. Finally,

a common signal strength µ between the two channels is considered in the likelihood, leading to
seven free parameters in total. Upper limits at 95 % confidence level on the signal strength and
thus on σ(pp → Z ′) × BR(Z ′ → q̄dqd) have been computed using the CLs method as described in
section 5.9.2.

In Figure 5.35 [57], the observed and expected ULs from the cut-based (ML-based) approach
are shown in red (blue) as a function of mZ′ for mπd = 10 GeV and cτπd = 5 and 50 mm. The
ML-based approach sets the strongest exclusions except for the signal corresponding to mZ′ = 0.6
TeV and cτπd = 5 mm. The reason is that the tagging algorithm used in the ML-based strategy
is considering an important number of features, including their possible correlations, for the tracks
associated to the jet (cf Figure 5.36 [57]) in order to determine the classification score. Since the
discriminating power of the tagging algorithm is degraded at low pT , the low-mjj ML-based analysis
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employs a pT threshold at 300 GeV instead of 250 GeV, which explains why the cut-based approach
is able to perform better than the ML-based one for the mZ′ = 0.6 TeV signal. For other signals,
even if PTF and Nvtx are highly discriminant variables between background and signal events, the
sensitivity achieved in the cut-based approach with selections on these variables is not as great as
the one obtained in the ML-based approach.

Moreover, it is possible to notice visually which channel between the low and high-mjj ones
is predominant during the establishment of the cross-section upper limits. Indeed in the low-mjj

channel, the observed number of events is around 1σ below the expected yield in both cut-based
and ML-based approaches, while these numbers are closer in the high-mjj channels. In this way, if
the low-mjj channel is predominant, the observed limit would be 1σ below the expected one while
if it is the high-mjj channel that is preponderant, the observed and expected limits would be closer.

At a fixed value of cτπd , the upper limits are slightly increasing with mZ′ . It comes from the
fact that higher values of mZ′ lead to higher boost for the produced πd. The πd are thus subject to
decay at higher radius in the inner detector where the track and secondary vertex reconstruction
efficiencies are degraded compared to lower radius.
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Figure 5.35: Upper limits at 95% confidence level on σ(pp → Z ′)× BR(Z ′ → q̄dqd) as a function of mZ′

for mπd = 10 GeV and (a) cτπd = 5 mm and (b) cτπd = 50 mm. The theoretical cross-section values are
shown as solid lines for different gq and gqd [57].

In Figure 5.37 [57], the observed and expected ULs are shown as a function of cτπd for mπd = 10
GeV and mZ′ = 0.6, 1.5 and 3 TeV. For the cut-based approach, the behavior of the upper limits as
a function of cτπd is similar to the one observed in Figure 5.30 for the same reasons. Concerning the
ML-based approach for mZ′ = 1.5 and 3 TeV, the limits are similarly degraded at high cτπd values
due to the reduced track reconstruction efficiency, reducing the discriminating power of the tagging
algorithm. Moreover, contrary to the cut-based approach, the limits are roughly constant across
cτπd values between 1 and 100 mm : indeed, the high-mjj channel from the ML-based approach
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Input Description
Jet 𝜂 Jet pseudorapidity
𝑑0 Track closest distance to PV in transverse plane

𝑧0sin(𝜃) Track closest distance to PV in longitudinal plane
Δ𝜙 Azimuthal angle of the track, relative to the jet 𝜙
Δ𝜂 Track pseudorapidity, relative to jet 𝜂
𝑞/𝑝 Track charge over momentum
𝜎(𝜙) Uncertainty in track 𝜙

𝜎(𝜃) Uncertainty in track 𝜃

𝜎(𝑞/𝑝) Uncertainty in track 𝑞/𝑝
𝑑0/𝜎(𝑑0) signed 𝑑0 significance
𝑧0/𝜎(𝑧0) signed 𝑧0 significance
𝑁PIX hits Number of Pixel hits per track
𝑁SCT hits Number of SCT hits per track
𝑁IBL hits Number of innermost pixel layer hits
𝑁PIX shared Number of Pixel shared hits
𝑁SCT shared Number of SCT shared hits

Figure 5.36: List of track features used as inputs in the emerging jet tagging algorithm. The entry
«Jet η» is common to all the tracks that are associated to the same jet. A «shared hit» corresponds
to a hit that is common between different tracks [57].

can be sensitive to signal corresponding to very low cτπd since there is no selection on PTF in this
approach [57].

In Figure 5.38 [57], the ULs are shown as a function of mπd for mZ′ = 1.5 TeV and cτπd = 5,
50 and 500 mm. There is no strong dependence to the dark pion mass except for the signal cor-
responding to cτπd = 500 mm. Indeed, at a fixed mZ′ and cτπd , the lighter dark pions are more
boosted and thus decay at higher radius in the inner detector with respect to the heavier ones. For
the cτπd = 500 mm signal, the dark pion decays can even occur outside the inner detector, and thus
lead to a loss of sensitivity.

By assuming fixed value for gq and gqd , the theoretical value of σ(pp→ Z ′)×BR(Z ′ → q̄dqd) can
be computed as a function of the model parameters. Then, a signal is excluded if the corresponding
theoretical cross-section is greater than the upper limit. In this way, it is possible to derive exclusion
contours in the (mZ′ , cτπd) 2D plane as shown in Figure 5.39 [57], assuming gq = 0.01, gqd = 0.1
and mπd = 10 GeV. The signals corresponding to mZ′ and cτπd values that are within the red
(blue) contour are thus excluded by the cut-based (ML-based) approach. Under these assumptions
on gq, gqd and mπd , the cut-based (ML-based) approach allows to exclude Z ′ masses up to 2200
(2550) GeV for cτπd = 5 mm for instance. Moreover for mZ′ = 1.0 TeV, the cut-based (ML-based)
approach excludes πd proper decay length between 1.5-200 (1-500) mm.
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Figure 5.37: Upper limits at 95% confidence level on σ(pp→ Z ′)× BR(Z ′ → q̄dqd) as a function of cτπd
for mπd = 10 GeV and (a) mZ′ = 0.6 TeV, (b) mZ′ = 1.5 TeV and (c) mZ′ = 3.0 TeV [57].

Finally, exclusions contours in the 2D plane defined by (gq, gqd) can be obtained for a given
signal characterized by a set of mZ′ , mπd and cτπd values. Indeed, the theoretical cross-section can
be computed for various values of gq and gqd , and the ones that lead to cross-section higher than the
upper limit are thus excluded, as shown in Figure 5.40.a (5.40.b) [57] for the ML-based approach
for the signal corresponding to mZ′ = 1.5 (2.6) TeV, mπd = 10 GeV and cτπd = 50 mm.
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Figure 5.38: Upper limits at 95% confidence level on σ(pp→ Z ′)×BR(Z ′ → q̄dqd) as a function of
mπd for mZ′ = 1.5 TeV and cτπd = 5, 50 and 500 mm [57].

Figure 5.39: Excluded values of mZ′ and cτπd at 95% confidence level assuming gq = 0.01 and
gqd = 0.1 [57].

For example for mZ′ = 1.5 (2.6) TeV, assuming gqd > 0.03 (0.10), the ML-based approach
excludes values of gq higher than 0.003 (0.01). These limits can be compared to the ones set by
previous resonance searches performed in ATLAS that are shown in Figure 5.41 [85] and 5.42 [86].
For instance, the dijet resonance analysis that was searching for new resonances in mjj distributions
using the Run-2 data set an upper limit on gq about 0.06 (0.13) for mZ′ = 1.5 (2.6) TeV [85], i.e
about 20 (13) times higher than the limit sets by the ML-based approach. It thus demonstrates the
important gain in sensitivity to the Z ′ mediator achieved in this analysis with respect to previous
ones.
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5.12 Conclusion
This section presented a search for emerging jets using Run-3 data collected by ATLAS in 2022 and
2023. It is the first time a heavy Z ′ mediator has been considered in a search to produce emerging
jets via an s-channel mechanism. Indeed, previous searches performed by CMS focused on a scalar
mediator, with a final state corresponding to two emerging jets in addition to two SM jets [87, 88].

This analysis is made of two different strategies : a cut-based one that selects events based on
track or substructure based jet observables, and a machine-learning based one exploiting a tag-
ging algorithm to discriminate background from emerging jets. Both strategies use data-driven
methods to estimate the background expectation : the ABCD method has been used for the cut-
based strategy while the ML-based one employs a method based on mis-tag rates computation.
Moreover, in order to improve at maximum the sensitivity, each strategy is divided into two or-
thogonal regions using two different triggers combined to a selection on the dijet invariant mass mjj.

This section focused on the low-mjj cut-based strategy to which I contributed in a significant
way, before presenting the final results obtained with all the different channels of the analysis. No
excess has been observed in data with respect to the different background expectations, and in com-
parison to previous LHC searches, the limits that have been set on the different parameters of the
model demonstrate a significant gain in sensitivity to processes involving a new s-channel mediator.

In the next section, the first studies that I have made in order to allow the future reinterpretation
of the low-mjj cut-based analysis will be presented.
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Chapter 6

Reinterpretation of LHC Dark QCD
results
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6.1 Reinterpretation of LHC analyses
The reinterpretation of an LHC analysis consists in exploiting the results of existing ATLAS and
CMS analyses that were searching for BSM processes in order to study and test alternative theoreti-
cal models. Indeed, a given LHC analysis can only focus on a reduced number of theoretical models
to interpret the observed data. The reinterpretation allows to re-employ the analysis results and
to confront to the data other models that could have been considered : it is thus fundamental in
the context of BSM searches. Moreover, results from reinterpretation can guide the elaboration of
new physic theories or reveal holes in the coverage of existing analyses in order to motivate new ones.

Several software frameworks exist to reinterpret LHC analyses. This section will focus on the
one named «MadAnalysis» [89, 90, 91], since it is the one I used for the results that will be
presented in this section. This framework contains a public database [92, 93] that regroups several
ATLAS or CMS analyses implemented in the C++ language, and that can be reinterpreted in a
straightforward and accessible way.
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For each implemented analysis, there is thus a corresponding C++ code that reproduce the
global analysis strategy, i.e the reconstruction of the exploited kinematic observables and the defi-
nition of the different channels of selection. Moreover, the experimental results in terms of observed
and expected number of events in each channels are also associated to the implemented code.

To reinterpret an analysis with a given theoretical physical process, signal events are first gen-
erated at the truth level (i.e after the hadronization but before any interaction with the detector)
using a particle generator. To simulate the interaction of the final state particles with the ATLAS
or CMS detector, MadAnalysis relies either on Delphes 3 [94] or on a simplified and fast simulation
(SFS) through the use of smearing and efficiency functions for object reconstruction and tagging
for instance [95]. The analysis code can then be applied to the events after the simulation of the
detector response, and the number of signal events in the different SRs can be computed. The
latter can then be compared to the observed and expected number of events in order to derive
upper limits on the signal cross-section.

During my thesis, I have contributed to the implementation of several LHC analyses related to
final state containing jets that can be used to constrain dark QCD theories. These analyses are :

• the ATLAS Run-2 search for new resonances decaying into a pair of jets [85],

• the ATLAS Run-2 search for non-resonant production of semi-visible jets [96],

• and the ATLAS Run-2 search for resonant production of a pair of dark quarks producing a
dijet final state (referred as «dark jets» in section 2.4) [97].

Moreover, studies are currently performed to exploit these analyses in addition to other ones
that have been already implemented, such as the CMS Run-2 search for mono-jet final state [98],
in order to constrain the dark QCD parameter phase space.

6.2 Implementation of LHC analyses within the MadAnal-
ysis database

There are several steps before implementing an analysis. The first one is to write the analysis code
based on information that can be found in the published article. The code must reproduce the
same event selection as in the analysis, i.e with the same pre-selections and selections on high-level
observables that are applied to objects such as jets, leptons or photons and that defined the different
SRs.

Concerning the analysis I have implemented, I have exploited the simplified simulation of the
detector response. The second step is thus to configure this fast simulation. Depending on the
analysis final state, it can be done by setting the jet algorithm that is used in the analysis or to
configure the reconstruction efficiencies for the different physic objects (jets, leptons, etc), which can
be parametrized as a function of the pT and η of the object. The object will be thus either kept or
thrown away according to the corresponding efficiency. The efficiencies of identify b-jets for instance
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have also to be set if tagging algorithms are employed in the analysis. Moreover, smearing can be
applied to the truth jet or lepton energy : it modifies the energy of the object according to a gaus-
sian distribution that is centered around the truth value and having a width that can be configured.

Then, the next step is to validate the code that has been written, i.e to be able to reproduce
in a satisfying way the analysis results concerning the benchmark models that have been tested in
the analysis. The events corresponding to these models have thus to be generated with the same
parameters as the ones used by ATLAS or CMS. The MadAnalysis code can then be executed on
these events, and the cutflows or the histograms obtained can be compared to the ones from the
analysis results if they are provided. Finally, by retrieving the number of observed and expected
events in the different SRs, the upper limits on the signal cross-section can be computed with
MadAnalysis and compared to the ones from the published results.

Having a good agreement between the MadAnalysis results and the ones from ATLAS or CMS
allows to validate the implementation of the analysis, that can then be added to the MadAnalysis
database.

6.2.1 ATLAS search for new resonances in mjj distributions
Description of the analysis

This analysis considers a dijet final state and searches for new resonances from new BSM heavy
particles in the dijet system invariant mass mjj. It considers Run-2 data collected between 2015
and 2018 that corresponds to an integrated luminosity of 139 fb−1. The strategy of the analysis
consists in examining the mjj distributions in the different SRs and searching for local excesses
above a background contribution estimated with data driven techniques [85].

Given that no significant excess has been observed in data, the results of the analysis have been
translated into upper limits at 95% confidence level on the signal cross-section for several theoretical
models.

The events are first selected with a trigger requiring at least one jet satisfying pT > 420 GeV.
The jets are reconstructed with topological clusters as constituents that are clustered with the
anti-kt algorithm with a radius parameter of R = 0.4.

The events are required to have at least two jets with pT > 150 GeV with an azimuthal sepa-
ration between the two leading jets satisfying |∆φ(jj)| > 1.0. The events are then classified into
three regions : an inclusive region, a one-b-tagged region (1b) corresponding to final state with at
least one jet tagged as a b-jet, and a two-b-tagged region (2b) with exactly two jets tagged as b-jets.

The jets containing b-hadrons are identified as b-jet using the deep-learning neutral network
DL1r at the 77% efficiency working point, which considers features from track impact parameters
and displaced vertices. The tagging efficiencies of the DL1r network as a function of the jet pT are
presented in Figure 6.1.a [85]. Moreover, in order to correct for differences between MC and data
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events, a scale factor that depends on the jet pT is applied to simulated events. The way the scale
factors have been extracted is reported in [99], and Figure 6.1.b presents the values of this scale
factor as a function of the jet pT [85].
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Figure 6.1: (a) b-tagging efficiency of the DL1r algorithm as a function of the jet pT and (b) corresponding
simulation-to-data scale factor as a function of the jet pT [85].

In the b-tagged categories, the two leading jets must satisfy |η| < 2.0. A selection on the cen-
trality y∗ = 0.5× (y1− y2), with yi the rapidity of the jet i, is applied, in addition to a lower bound
on the invariant mass mjj. In the inclusive region, the selections on these two variables are either
|y∗| < 0.6 & mjj > 1100 GeV or |y∗| < 1.2 & mjj > 1717 GeV, depending on the targeted signal.
In the b-tagged regions, the selection is |y∗| < 0.8 & mjj > 1133 GeV.

The interpretation of the results has been performed considering various signal models decaying
into a pair of quarks or gluons such as excited quarks q∗, leptophobic dark matter Z ′ mediator,
heavy charged W ′ gauge boson, etc.

Implementation and validation

To implement this analysis, I have written an analysis code that reproduces the selections of the
three different SRs. I have also configured the b-tagging efficiencies as a function of the jet pT con-
sidering the Figures 6.1.a and 6.1.b by multiplying the tagging efficiencies to the simulation-to-data
scale factors.

To validate the implementation, I have considered several signal processes :

• for the inclusive region, the productions of an excited quark [100] and a W ′ boson [101]
through qq̄ → q∗ with q∗ → qg, and qq̄ → W ′ with W ′ → qq̄,

• for the 1b region, the production of an excited b-quark through qq̄ → b∗ with b∗ → bg, bγ, bZ, tW

with a branching ratio to bg equal to 85% [100],
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• for the 2b region, the production of a sequential standard model Z ′ boson through qq̄ → Z ′

with Z ′ → bb̄ [102].

For each signal, I have generated 20k events with Pythia 8.308 [78] for different masses of the BSM
particles, using the same parameters as the ones employed by ATLAS.

I have computed the acceptance for each signal as a function of the particle mass and compared
the obtained values to the ones published by ATLAS, as shown in Figures 6.2 and 6.3. The
agreement with ATLAS is excellent, especially for the signals in the inclusive and 1b regions where
the relative differences between the MadAnalysis and ATLAS values are below 3%. For the signal
in the 2b region, the relative differences are at maximum about 15%, which remains an acceptable
results.
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Figure 6.2: Acceptance in the inclusive SR for the signal corresponding to (a) an excited quark and (b)
a W ′ boson.

In order to compute the upper limits on the signal cross-section, the numbers of observed and
expected events in each mjj bin, in addition to the uncertainties on the background contributions,
for the three different SRs have been obtained from ATLAS published results.

For each signal, the upper limit on the cross-section can be computed separately in each mjj bin
with the procedure described in section 5.3 in [91]. However, selecting the upper limit obtained in
the mjj bin that demonstrates the best sensitivity is not optimal to reproduce the ATLAS limits.
Instead, a combination of all the mjj bins in a given SR (inclusive, 1b or 2b) has been exploited
through the use of a simplified likelihood [103, 104]. It is done by configuring the covariance matrix
that encodes the correlations between the expected background contributions in the different mjj

bins of a given SR. Since ATLAS does not provide such information concerning this analysis, it
has been decided to set a covariance matrix as being diagonal, i.e corresponding to uncorrelated
background contributions among the different bins.
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Figure 6.3: Acceptance in the (a) 1b SR for the signal corresponding to an excited b-quark and in the (b)
2b SR for the signal corresponding to a Z ′ boson.

The upper limits obtained for the different signals as a function of the mass of the BSM particles
are shown in Figure 6.4 and 6.5. The agreement with the ATLAS limits is globally excellent across
the different signals that have been considered.

The analysis has thus been implemented in the MadAnalysis database, and is available for
reinterpretation with theoretical models that produce a signature corresponding to a pair of QCD
jets.

140



2 3 4 5 6 7
mq * [TeV]

10 3

10 2

10 1

100

101

Cr
os

s-
Se

ct
io

n 
x 

Ac
ce

pt
an

ce
 x

 B
R 

[p
b]

Inclusive, qq q* qg
Theory
ATLAS : Observed 95% CL
ATLAS : Expected 95% CL
+/- 1
+/- 2
MA : Observed 95% CL
MA : Expected 95% CL

(a)

2 3 4 5 6
mW ′ [TeV]

10 4

10 3

10 2

10 1

100

Cr
os

s-
Se

ct
io

n 
x 

Ac
ce

pt
an

ce
 x

 B
R 

[p
b]

Inclusive, qq W ′ qq
Theory
ATLAS : Observed 95% CL
ATLAS : Expected 95% CL
+/- 1
+/- 2
MA : Observed 95% CL
MA : Expected 95% CL

(b)

Figure 6.4: Upper limits on the cross-section multiplied by the acceptance and the branching ratio into
two jets for the signals corresponding to (a) an excited quark and (b) a W ′ boson. «MA» accounts for
MadAnalysis.

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
mb * [TeV]

10 5

10 4

10 3

10 2

10 1

100

Cr
os

s-
Se

ct
io

n 
x 

Ac
ce

pt
an

ce
 x

 B
R 

[p
b]

1b, qq b* bg (BR = 0.85)
Theory
ATLAS : Observed 95% CL
ATLAS : Expected 95% CL
+/- 1
+/- 2
MA : Observed 95% CL
MA : Expected 95% CL

(a)

1.5 2.0 2.5 3.0 3.5 4.0
mZ ′ [TeV]

10 4

10 3

10 2

10 1

Cr
os

s-
Se

ct
io

n 
x 

Ac
ce

pt
an

ce
 x

 B
R 

[p
b]

2b, qq Z ′ bb
Theory
ATLAS : Observed 95% CL
ATLAS : Expected 95% CL
+/- 1
+/- 2
MA : Observed 95% CL
MA : Expected 95% CL

(b)

Figure 6.5: Upper limits on the cross-section multiplied by the acceptance and the branching ratio into
two jets for the signals corresponding to (a) an excited b-quark and (b) a Z ′ boson.
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6.2.2 ATLAS search for semi-visible jets
Description of the analysis

This analysis was searching for semi-visible jets, corresponding to final states with jets where one of
them is aligned with the direction of the missing transverse momentum. It considers the production
of semi-visible jets via a t-channel mediator Φ that produces a pair of dark quarks as shown in Figure
6.6 [96]. These dark quarks then undergo parton shower and hadronization in the dark sector to
form either stable or unstable dark hadrons, before these latter decay back to the visible sector.
The model is parametrized by the mass of the mediator mΦ, the fraction of stable dark hadrons
among all the dark hadrons in the events Rinv, and the coupling constant λ between a quark, a dark
quark and the mediator. The analysis uses 139 fb−1 of data at

√
s = 13 TeV collected by ATLAS

between 2015 and 2018.

q

q

Φ

DS

DS

λ

λ

qdark

qdark

Figure 6.6: Production of semi-visible jets via a t-channel mediator Φ. «DS» denotes the dark
shower [96].

The events are required to pass a trigger with a threshold on the missing transverse energy
Emiss
T . This threshold was equal to 70 GeV in 2015, and reached 110 GeV during the 2016-2018

data-taking period. The jets of the events are built from Particle Flow constituents using the anti-kt
algorithm with a radius of 0.4.

The events must have two reconstructed jets within |η| < 2.8, with the leading jet satisfying
pT > 250 GeV and the other having pT > 30 GeV. Moreover, at least one jet has to be within
∆φ < 2.0 of the pmiss

T direction.

The events with two or more b-jets are rejected, with the identification of b-jets done using
the DL1r algorithm at the 77 % efficiency working point similarly as the dijet analysis described
previously. Moreover, hadronically decaying τ -lepton candidates are formed thanks to a Recurrent
Neural Network algorithm [105] with information from the calorimeters and the inner detector :
any event containing such a τ -lepton with pT > 20 GeV and |η| < 2.5 is rejected. Events with
electrons or muons passing pT > 7 GeV are discarded.
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The signal region is finally defined with Emiss
T > 600 GeV and HT = ∑

jets pT > 600 GeV. It is
divided into 9 bins using two discriminating and uncorrelated variables, which are :

• the pT balance between the closest (j1) and farthest (j2) jets in azimuth from the pmiss
T direc-

tion, that is defined as pbal
T = | ~pT (j1) + ~pT (j2)|/(| ~pT (j1)|+ | ~pT (j2)|),

• and the azimuthal distance between j1 and j2 denoted by |φmax − φmin|.

The definition of these bins is shown in Table 6.1. The background contribution is estimated in
each of these bins using control regions containing events with muons and the same Emiss

T and HT

requirements as the signal region. No excess has been observed in data and exclusion on the signal
strength has been done thanks to a simultaneous binned likelihood fit in the signal region and in
the control regions, before using the CLs method to set upper limits on the signal cross section at
95% confidence level.

|φmax − φmin| < 2.0 2.0 < |φmax − φmin| < 2.7 2.7 < |φmax − φmin|
pbal
T < 0.6 Bin 1 Bin 2 Bin 3

0.6 < pbal
T < 0.9 Bin 4 Bin 5 Bin 6

0.9 < pbal
T Bin 7 Bin 8 Bin 9

Table 6.1: Definition of the 9 bins in the signal region using the two variables pbal
T and |φmax−φmin|.

Implementation and validation

Concerning this analysis, I did not write the analysis code but I contributed to the validation of
its implementation. The code reproduces all the selections described previously, and the b-tagging
efficiencies that have been configured are the same as the ones employed for the dijet analysis, since
it is the same neural network at the same working point that has been employed in the semi-visible
jets analysis.

ATLAS provides cutflows and signal yields in the signal region for 6 representative models that
correspond to : mΦ = 1 TeV & Rinv = 0.6, mΦ = 1 TeV & Rinv = 0.8, mΦ = 2 TeV & Rinv = 0.4,
mΦ = 2 TeV & Rinv = 0.6, mΦ = 3 TeV & Rinv = 0.2 and mΦ = 3 TeV & Rinv = 0.4. For each
of these models and using the same parameters as ATLAS, I have generated around 30k events
with MadGraph5 aMC v2.6.7 [33] for the hard scattering matrix elements computation, and Pythia
8.244 [30] with the Hidden Valley module for the simulation of the parton shower and hadronization
in both visible and dark sectors.

I made comparison between the cutflows obtained with MadAnalysis and the ones published by
ATLAS as shown in Tables 6.2 to 6.7. These cutflows show the ATLAS (MadAnalysis) number of
events after each cut weighted by L × σ (with L the integrated luminosity and σ the signal cross-
section computed with λ = 1) in the column «ATLAS» («MA»). The column «Relative difference»
corresponds to |NATLAS −NMA|/NATLAS, with N the number of weighted events at a given step in
the cutflow. The columns «ATLAS ε» and «MA ε» represent the selection efficiency of a given cut
for ATLAS and MadAnalysis respectively.
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ATLAS MA Relative difference [%] ATLAS ε [%] MA ε [%]
Pre-selections 844520 802004 5

∆φ < 2.0 816341 773773 5 97 96
plead.
T > 250 GeV 791042 747516 5 97 97
Nb-jet < 2 707151 747516 6 89 100
τ jet veto 701538 724219 3 99 97

Emiss
T > 600 GeV 101378 108504 7 14 15
HT > 600 GeV 101235 108504 7 100 100

Table 6.2: Cutflow for the model corresponding to mΦ = 1 TeV & Rinv = 0.6.

ATLAS MA Relative difference [%] ATLAS ε [%] MA ε [%]
Pre-selections 958068 937324 2

∆φ < 2.0 848395 887855 5 89 95
plead.
T > 250 GeV 812949 868463 7 96 98
Nb-jet < 2 760522 868463 14 94 100
τ jet veto 754784 769612 2 99 89

Emiss
T > 600 GeV 159627 164451 3 21 21
HT > 600 GeV 159582 164236 3 100 100

Table 6.3: Cutflow for the model corresponding to mΦ = 1 TeV & Rinv = 0.8.

ATLAS MA Relative difference [%] ATLAS ε [%] MA ε [%]
Pre-selections 9744 8351 14

∆φ < 2.0 9674 8273 14 99 99
plead.
T > 250 GeV 9625 7461 22 99 90
Nb-jet < 2 7640 7461 2 79 100
τ jet veto 7596 7413 2 99 99

Emiss
T > 600 GeV 2815 2728 3 37 37
HT > 600 GeV 2815 2728 3 100 100

Table 6.4: Cutflow for the model corresponding to mΦ = 2 TeV & Rinv = 0.4.

The agreement between the ATLAS and MadAnalysis cutflows is globally excellent on both the
successive and final number of events, especially concerning the selection on the missing transverse
energy that defines the signal region.

I also compared the repartition of the signal events in the 9 bins of the signal region as shown
in Tables 6.8 to 6.13. The column «ATLAS» («MA») corresponds to NATLAS (NMA), the number
of weighted signal events in a given bin. The columns «ATLAS proportion» and «MA proportion»
account for the number of events in the bin divided by the total number of events in the signal
region for ATLAS and MadAnalysis respectively.
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ATLAS MA Relative difference [%] ATLAS ε [%] MA ε [%]
Pre-selections 10564 10170 4

∆φ < 2.0 10369 10020 3 98 99
plead.
T > 250 GeV 10284 9500 8 99 95
Nb-jet < 2 8694 9500 9 85 100
τ jet veto 8634 9305 8 99 98

Emiss
T > 600 GeV 4431 4867 10 51 52
HT > 600 GeV 4430 4867 10 100 100

Table 6.5: Cutflow for the model corresponding to mΦ = 2 TeV & Rinv = 0.6.

ATLAS MA Relative difference [%] ATLAS ε [%] MA ε [%]
Pre-selections 298 247 17

∆φ < 2.0 293 238 19 98 97
plead.
T > 250 GeV 287 214 26 98 90
Nb-jet < 2 219 214 2 76 100
τ jet veto 218 212 3 100 99

Emiss
T > 600 GeV 59 55 6 27 26
HT > 600 GeV 59 55 6 100 100

Table 6.6: Cutflow for the model corresponding to mΦ = 3 TeV & Rinv = 0.2.

ATLAS MA Relative difference [%] ATLAS ε [%] MA ε [%]
Pre-selections 407 360 12

∆φ < 2.0 396 344 13 97 95
plead.
T > 250 GeV 384 321 16 97 94
Nb-jet < 2 315 321 2 82 100
τ jet veto 314 317 1 99 99

Emiss
T > 600 GeV 126 128 1 40 40
HT > 600 GeV 126 127 1 100 100

Table 6.7: Cutflow for the model corresponding to mΦ = 3 TeV & Rinv = 0.4.

For the different models, the repartition of the events in the different bins is highly similar
between ATLAS and MadAnalysis, demonstrating the great modelization of the two variables pbal

T

and |φmax − φmin|.
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ATLAS MA ATLAS proportion [%] MA proportion [%]
Bin 1 3374 3389 3 3
Bin 2 9516 10597 9 10
Bin 3 12812 13214 13 12
Bin 4 15256 16346 15 15
Bin 5 25855 27459 26 26
Bin 6 20496 23168 20 21
Bin 7 4750 5449 5 5
Bin 8 5948 5234 6 5
Bin 9 3227 3647 3 3

Table 6.8: Signal events repartition in the 9 bins of the signal region for the model corresponding
to mΦ = 1 TeV & Rinv = 0.6.

ATLAS MA ATLAS proportion [%] MA proportion [%]
Bin 1 9644 10125 6 6
Bin 2 12579 12957 8 8
Bin 3 11172 10726 7 7
Bin 4 35598 37713 23 23
Bin 5 39655 43161 25 26
Bin 6 24541 24155 15 14
Bin 7 13177 12442 8 8
Bin 8 8609 8409 5 5
Bin 9 4608 4548 3 3

Table 6.9: Signal events repartition in the 9 bins of the signal region for the model corresponding
to mΦ = 1 TeV & Rinv = 0.8.

ATLAS MA ATLAS proportion [%] MA proportion [%]
Bin 1 48 41 2 2
Bin 2 527 450 19 16
Bin 3 609 601 22 22
Bin 4 137 148 5 5
Bin 5 560 576 20 21
Bin 6 540 535 19 20
Bin 7 70 73 2 3
Bin 8 190 168 6 6
Bin 9 134 137 5 5

Table 6.10: Signal events repartition in the 9 bins of the signal region for the model corresponding
to mΦ = 2 TeV & Rinv = 0.4.
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ATLAS MA ATLAS proportion [%] MA proportion [%]
Bin 1 135 155 3 3
Bin 2 742 749 17 15
Bin 3 658 758 15 16
Bin 4 382 453 9 9
Bin 5 1040 1144 23 23
Bin 6 733 809 17 17
Bin 7 178 188 4 4
Bin 8 332 367 7 8
Bin 9 229 244 5 5

Table 6.11: Signal events repartition in the 9 bins of the signal region for the model corresponding
to mΦ = 2 TeV & Rinv = 0.6.

ATLAS MA ATLAS proportion [%] MA proportion [%]
Bin 1 0 0 0 0
Bin 2 8 7 13 13
Bin 3 21 21 35 39
Bin 4 1 0 2 0
Bin 5 7 7 12 13
Bin 6 15 13 25 24
Bin 7 1 0 2 0
Bin 8 2 2 3 4
Bin 9 5 4 8 7

Table 6.12: Signal events repartition in the 9 bins of the signal region for the model corresponding
to mΦ = 3 TeV & Rinv = 0.2.

ATLAS MA ATLAS proportion [%] MA proportion [%]
Bin 1 2 2 2 2
Bin 2 17 17 14 14
Bin 3 35 36 28 28
Bin 4 3 4 2 3
Bin 5 19 19 15 15
Bin 6 31 29 24 23
Bin 7 2 2 2 2
Bin 8 6 7 5 6
Bin 9 11 10 8 7

Table 6.13: Signal events repartition in the 9 bins of the signal region for the model corresponding
to mΦ = 3 TeV & Rinv = 0.4.
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Finally, the observed and expected upper limits on the signal cross-section are computed at 95%
confidence level in each of the 9 bins in the SR with the procedure described in section 5.3 in [91],
before retaining the limits from the bin that provide the best exclusion. Moreover, it is mentioned
in the article that the limits are weaken by about 25% due to systematics uncertainties (mostly
from signal modelling). In this way, the limits obtained with MadAnalysis have been multiplied
by a factor of 1.25 in order to be compared in a consistent way to the ATLAS limits as shown in
Figure 6.7.
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Figure 6.7: Upper limits on the cross-section for the different representative models.

For the 6 representative models, the limits are globally very well reproduced. The analysis has
thus been also implemented in the MadAnalysis database and can be reinterpreted with alternative
models producing final states with jets in addition to large missing transverse momentum.
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6.2.3 ATLAS search for dark jets
Description of the analysis

This analysis was searching for a new Z ′ boson decaying into a pair of dark quarks (cf Figure 6.8
[97]) which hadronize to form unstable dark mesons πd and ρd that promptly decay back to SM
particles. The final state corresponds to events having at least two large-radius jets containing an
important number of charged particles. In order to cover a large range of experimental signature,
four models have been considered, differing on the number of dark quark flavors, the dark sector
confinement scale, the dark particle masses and the dark pion decay modes as shown in Tables 6.14
and 6.15. The common parameters between the four models are the Z ′ mass, the coupling constant
between the Z ′ and the SM quarks gq, and the one between the Z ′ and the dark quarks gqd .

q

q

Z ′

qd

qd

1

Figure 6.8: Resonant dark quark pair production through a new Z ′ mediator [97].

Model nf Λd (GeV) m̃q′ (GeV) mπd (GeV) mρd (GeV) πd decay mode
A 2 15 20 10 50 πd → cc̄

B 6 2 2 2 4.67 πd → ss̄

C 2 15 20 10 50 πd → γ
′
γ

′ (mγ′ = 4 GeV)
D 6 2 2 2 4.67 πd → γ

′
γ

′ (mγ′ = 0.7 GeV)

Table 6.14: Benchmark models used in the analysis : nf is the number of dark quark flavors, Λd

is the dark sector confinement scale, m̃q′ , mπd and mρd correspond respectively to the dark quark,
dark pion and dark rho masses and γ

′ represents a dark photon [97]. The decay of the dark rho
meson is set to ρd → πdπd, while the dark photon decay modes are detailed in Table 6.15.

The analysis uses 139 fb−1 of data at
√
s = 13 TeV collected with the ATLAS detector between

2015 and 2018.

The events are first selected with a trigger requiring at least one jet with pT > 460 GeV. The
jets of the events are built with topo-clusters that are clustered with the anti-kt algorithm with a
radius of R = 1.0. A trimming procedure (cf section 4.4.2) is applied to all the reconstructed jets
in order to reduce contributions from pile-up and the underlying event. The jet constituents are
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Model C Model D

γ
′ → uū : 22 %
γ

′ → cc̄ : 22 %
γ

′ → e+e− : 17 % γ
′ → π+π− : 70 %

γ
′ → µ+µ− : 17 % γ

′ → e+e− : 15 %
γ

′ → τ+τ− : 10 % γ
′ → µ+µ− : 15 %

γ
′ → dd̄ : 6 %
γ

′ → ss̄ : 6 %

Table 6.15: Dark photon decay modes [106].

clustered into sub-jets with the kt algorithm with R = 0.2, and all the sub-jets having their pT
accounting for less than 5% of the pT of the jet are discarded.

The events must have at least two large-R jets with the (sub-)leading jet satisfying (400) 500 <
pT < 3000 GeV. Moreover, both leading and sub-leading jets must pass |η| < 2.0 and 50 < m < 600
GeV, with m the invariant mass of the jet. In addition, a selection on the two leading jets invariant
mass mjj > 1.3 TeV is applied to ensure that the exploited trigger is fully efficient.

The signal region is then defined with a requirement on the minimum number of tracks associ-
ated to the leading and sub-leading jets. The cut value depends on mjj, since requiring a constant
minimum value on the jet track multiplicity would affect the shape of the mjj background distri-
bution and impair the background estimation method.

The selection that is applied corresponds to ntrack,i > PJi(mjj), where i = 1 (2) refers to the
(sub-)leading jet, and PJi , shown in Figure 6.9, has been derived in order to remove 99% of the
multi-jet background per jet while keeping a sufficient acceptance for the different models. The
signal region is thus defined by ntrack,1 > PJ1(mjj) & ntrack,2 > PJ2(mjj) (or nεtrack,i > 0 with
nεtrack,i = ntrack,i − PJi(mjj)).

In this analysis, the mjj spectrum background shape is extracted from data in a control region
defined with ntrack,1 < PJ1(mjj) & ntrack,2 < PJ2(mjj). The mjj background shape is expected to
be similar between this control region and the signal region. The background normalization is then
determined thanks to a maximum likelihood fit of a given signal-plus-background model to the mjj

distribution in data in the signal region.

No significant excess has been observed in data with respect to the expected background con-
tribution. Upper limits on the signal cross-section multiplied by the Z ′ branching ratio to dark
quarks have thus been derived at 95% confidence level using the CLs method with profile likelihood
ratio test statistic.
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Figure 6.9: Distributions of PJ1 and PJ2 as a function of mjj for simulated multi-jet events [97].

Implementation and validation

I have written the analysis code that reproduce the selections described previously, including the
trimming procedure with the same parameters as ATLAS.

In particular, concerning the selection on the number of tracks for each jet, the parameters of
the PJ1 and PJ2 functions, that correspond to polynomial functions of degree 5 and 3 respectively,
are presented in Table 6.16, and have been taken from ATLAS fit results. For the leading and
sub-leading jets, the number of tracks ntrack,i has been determined by counting the charged and
visible particles in the final state that are within ∆R < 1.2 of the jet axis.

PJ1 PJ2

p0 4.65.101 4.66.101

p1 2.12.10−2 2.82.10−2

p2 −3.91.10−6 −6.61.10−6

p3 −6.98.10−10 5.15.10−10

p4 3.22.10−13 /
p5 −2.94.10−17 /

Table 6.16: Parameters of the polynomial function PJi(X) = ∑
k pkX

k.

Moreover, a smearing of the energy and angular coordinates η and φ is applied to the jet con-
stituents instead of the global jet as it is usually done. The constituent energy is smeared through
the multiplication of the initial energy by a random number generated accordingly to a Gaussian
distribution with a mean of 1 and a width of 0.1. Concerning the angular coordinates, the initial
values are summed to a random number generated accordingly to a Gaussian distribution having a
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mean of 0 and a width of σ(pT ) = α/(1 + eβ(pT−γ)) [107], with the parameter values set to α = 0.1,
β = 0.02 GeV−1 and γ = 2 GeV. These values have been obtained by iteration in order to improve
the agreement with ATLAS concerning the efficiency of the cut on the jet mass.

Since ATLAS provides cutflows for the mZ′ = 2.5 TeV signal for the four different models, I
have generated around 90k events for each of them with Pythia 8.308 [78] using the same parameters.

The cutflows are presented in Tables 6.17 to 6.20. In the «ATLAS» («MadAnalysis») column,
the numbers correspond to the relative efficiency in % of a given selection, while the last line
represents the global acceptance. The agreement between ATLAS and MadAnalysis is globally
very good.

Model A ATLAS MadAnalysis
Trigger, mjj > 1.3 TeV 80 85

mj1,2 > 50 GeV, pT,j1 > 500 GeV, pT,j2 > 400 GeV 88 90
|ηj1,2| < 2 100 97

mj1,2 < 600 GeV, pT,j1,2 < 3000 GeV 100 100
nεtrack,j1,2 > 0 37 38

Total 26 28

Table 6.17: Cutflow for the signal from the model A corresponding to mZ′ = 2.5 TeV. The numbers
correspond to the relative efficiency in % of a given selection, while the last line represents the
global acceptance.

Model B ATLAS MadAnalysis
Trigger, mjj > 1.3 TeV 84 88

mj1,2 > 50 GeV, pT,j1 > 500 GeV, pT,j2 > 400 GeV 60 60
|ηj1,2| < 2 100 98

mj1,2 < 600 GeV, pT,j1,2 < 3000 GeV 100 100
nεtrack,j1,2 > 0 3 2

Total 1 1

Table 6.18: Cutflow for the signal from the model B corresponding to mZ′ = 2.5 TeV. The numbers
correspond to the relative efficiency in % of a given selection, while the last line represents the
global acceptance.

In order to derive the cross-section upper limits, the background normalization has to be deter-
mined for a given signal. To compute it, a fit is performed by minimizing the function :

− 2 log(L(µ, ν(µ))) = −2
∑
i

(ni log(ν(µ)bi + µsi)− ν(µ)bi − µsi) (6.1)

where the sum is done on the mjj bins, ni and bi correspond respectively to the observed number of
events and the nominal values for the expected background in the bin i that have been both pub-
lished by ATLAS, si is the number of signal events obtained with MadAnalysis, ν is the background
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Model C ATLAS MadAnalysis
Trigger, mjj > 1.3 TeV 66 67

mj1,2 > 50 GeV, pT,j1 > 500 GeV, pT,j2 > 400 GeV 81 80
|ηj1,2| < 2 100 98

mj1,2 < 600 GeV, pT,j1,2 < 3000 GeV 100 100
nεtrack,j1,2 > 0 12 12

Total 6 6

Table 6.19: Cutflow for the signal from the model C corresponding to mZ′ = 2.5 TeV. The numbers
correspond to the relative efficiency in % of a given selection, while the last line represents the
global acceptance.

Model D ATLAS MadAnalysis
Trigger, mjj > 1.3 TeV 79 81

mj1,2 > 50 GeV, pT,j1 > 500 GeV, pT,j2 > 400 GeV 56 51
|ηj1,2| < 2 100 98

mj1,2 < 600 GeV, pT,j1,2 < 3000 GeV 100 100
nεtrack,j1,2 > 0 55 65

Total 24 26

Table 6.20: Cutflow for the signal from the model D corresponding to mZ′ = 2.5 TeV. The numbers
correspond to the relative efficiency in % of a given selection, while the last line represents the
global acceptance.

normalization and µ is the signal strength. The best fit value µ̂ that minimizes this function is then
used to determine the corresponding normalization ν(µ̂). The comparison of the normalizations
obtained with MadAnalysis for the different signals with the ones obtained by ATLAS (that have
been get from the ATLAS internal note) shows an excellent agreement.

Then, multiple sub-regions of the signal region are created according to the mjj binning of
100 GeV used by ATLAS : a sub-region with mjj > 1.3 TeV, one with mjj > 1.4 TeV, etc, until
a region with mjj > 4.9 TeV (since ATLAS investigated mjj values between 1.3 and 5 TeV). In
each of these sub-regions, the number of observed events and the post-fit number of background
events are computed. The background uncertainty on a given number of background b is taken as√
b+ (b/10)2, such as the quadratic sum of a statistical error and a systematic uncertainty of 10%

(which is consistent with ATLAS results).

Finally, the upper limits on the signal cross-section are computed in each of these sub-regions
with the CLs method using the same procedure as the previous analyses, and the limit correspond-
ing to the best exclusion is retained.

Concerning the upper limits, ATLAS provided the values for several masses between 1.5 and
3.5 TeV for model A, B and D, and between 2 and 3.5 TeV for model C. For each mass, 20k events
have been generated.
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The observed and expected upper limits on the cross-section at 95% confidence level for ATLAS
and MadAnalysis are presented as a function of mZ′ for the four different models in Figure 6.10,
and the agreement is found to be good. This analysis has thus been validated and will be soon
added to the MadAnalysis public database.
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Figure 6.10: Upper limits on the cross-section for the four different models.
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6.3 Reinterpretation of the ATLAS Run-3 emerging jet
analysis

Concerning the emerging jet analysis presented in section 5, it is also important to publish and
provide the relevant information that can allow future reinterpretation of the analysis (especially
the cut-based one) with alternative models producing emerging jets.

For example, to improve the accuracy of the reinterpretation of the analysis, the statistical model
(i.e the likelihood function) has to be provided in a format that can be exploited by phenomenolo-
gists that do not belong to the ATLAS collaboration. Indeed, for each of the analyses presented in
section 6.2, I had to implement a method to interpret the results that was different from the one
employed in the analysis since the collaboration did not provide the corresponding statistical model.

Moreover, a way to allow future reinterpretation of the cut-based analysis could be to provide
the efficiencies of the selections applied on variables that are difficult to reproduce externally using
reinterpretation frameworks. These efficiencies could be parametrized as a function of truth infor-
mation. Concerning the low-mjj cut-based analysis, the two selections that are concerned are the
ones on PTF and Nvtx, since these variables are based on a full simulation of the inner detector and
on the tracking and vertexing ATLAS algorithms, while the other selections are easily reproducible.

To derive these efficiencies, I considered signal events corresponding to mZ′ ∈ {0.6, 1.5, 3}
TeV, mπd ∈ {5, 10, 20} GeV and cτπd ∈ {5, 50} mm. As a first attempt, the efficiencies have
been evaluated in bins of (ptruth

T ,<Lxy>), where ptruth
T corresponds to the pT of the truth jet (the

trigger-matched one) and<Lxy> is equal to ∑(Lvtx
xy × pvtx

T )/∑
pvtx
T with the sums occurring on

the dark pion decay vertices that are geometrically associated to the trigger-matched jet, Lvtx
xy is the

distance in the transverse plane between the primary vertex and the dark pion decay vertex and pvtx
T

is the transverse momentum associated to the vertex. These variables, and especially <Lxy>,
are expected to be correlated to the efficiency of selections on PTF and Nvtx. The efficiencies can
then be visualized as 2D maps with these two variables defining the X and Y axis.

The first efficiency map corresponds to the selections «Emerging jet trigger & pT > 250 GeV &
PTF < 0.04», with the selections on pT and PTF applied to the trigger-matched jet. The

signal events are required to satisfy Njet ≥ 2. Then, the efficiencies are evaluated in bins of
(ptruth
T ,<Lxy>) as the proportion of events passing the selections. The corresponding efficiency

map is shown in Figure 6.11.a : it is possible to notice that the efficiencies are consistently increas-
ing with<Lxy>, since high values of<Lxy> are likely to correspond to low PTF values.

The second efficiency map corresponds to the selection «Nvtx ≥ 1» applied to the leading and
sub-leading jets. The signal events are required to satisfy the selections «Emerging jet trigger
& pT > 250 GeV & PTF < 0.04 & |ηlead.| < 1.5 & |ηsub-lead.| < 1.5», and the efficiencies then
correspond to the proportion of events passing the selection on Nvtx. The corresponding map is
shown in Figure 6.11.b : concerning this selection, the efficiencies are higher at lower <Lxy>
values since the vertex reconstruction efficiency is likely to decrease with<Lxy>.
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By evaluating the statistical uncertainty in the efficiency using σ(εi) =
√
εi(1 + εi)/

√
njet,i, with

εi and njet,i the efficiency and the number of jets in the bin i, the relative uncertainty in the efficiency
is at maximum equal to 1.5 (3) % for the map corresponding to the selection on PTF (Nvtx).
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Figure 6.11: Efficiency map for the selections corresponding to (a) «Emerging jet trigger & pT >

250 GeV & PTF < 0.04» and (b) «Nvtx ≥ 1». The bins at the border of the maps include the over-
flow.

To evaluate at which level this parametrization is sufficiently accurate to reproduce the analysis
cutflow, a test has been performed : it consists in computing the number of signal events pass-
ing the several selections by considering the computed efficiencies for the selections on PTF and
Nvtx, and to compare them to the numbers computed by the simple application of the selections.
More precisely, for a given signal, the selection Njet ≥ 2 is firstly applied to the events. Then, the
per-event efficiency for the selections «Emerging jet trigger & pT > 250 GeV & PTF < 0.04» is
obtained from the corresponding map, and the event weight is multiplied by this efficiency. The
events are then required to pass the selections «|ηlead.| < 1.5 & |ηsub-lead.| < 1.5». The event weight
is then re-multiplied by the corresponding efficiency concerning the selection «Nvtx ≥ 1» obtained
from the dedicated map. By summing the event weights at each step of the cutflow, it is thus
possible to obtain a cutflow that exploits the efficiency maps for the selections on PTF and Nvtx.

These cutflows are presented in Tables 6.21 to 6.24 for four different models. The numbers in the
column «Cuts» correspond to the numbers of signal events obtained with the standard application
of the selections, while the ones in «Maps» correspond to the numbers obtained by using the two
efficiency maps. Non negligible disagreements between these two cutflows can be noticed, even with
finer map binnings. It means that the parametrization of the efficiencies using only two variables
is not sufficiently precise.
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An alternative method that is currently investigated would be to use a dedicated neural network
taking as inputs several truth information in order to predict for a given signal the efficiencies of
the selections on PTF and Nvtx. That would permit to consider a larger number of variables and
their correlations to parametrize the efficiencies and to potentially obtain a greater accuracy for
reinterpretation purposes.

Cuts Maps Relative difference [%]
Njet ≥ 2 26848 26848 0

Emerging jet trigger & pT > 250 GeV & PTF < 0.04 15244 17257 13
Leading & sub-leading jets : |η| < 1.5 10888 12741 17
Leading & sub-leading jets : Nvtx ≥ 1 3257 4733 45

Table 6.21: Cutflows comparison between the standard cutflow («Cuts») and the one obtained
using the efficiency maps («Maps») for the signal corresponding to mπd = 5 GeV, cτπd = 5 mm and
mZ′ = 0.6 TeV. The relative difference corresponds to |Ncuts −Nmaps|/Ncuts with N the number of
events at a given step.

Cuts Maps Relative difference [%]
Njet ≥ 2 29534 29534 0

Emerging jet trigger & pT > 250 GeV & PTF < 0.04 21401 21593 1
Leading & sub-leading jets : |η| < 1.5 15830 16158 2
Leading & sub-leading jets : Nvtx ≥ 1 1771 4069 130

Table 6.22: Cutflows comparison between the standard cutflow («Cuts») and the one obtained
using the efficiency maps («Maps») for the signal corresponding to mπd = 5 GeV, cτπd = 50 mm
and mZ′ = 0.6 TeV.

Cuts Maps Relative difference [%]
Njet ≥ 2 80732 80732 0

Emerging jet trigger & pT > 250 GeV & PTF < 0.04 59566 65347 10
Leading & sub-leading jets : |η| < 1.5 44418 48921 10
Leading & sub-leading jets : Nvtx ≥ 1 22646 26366 16

Table 6.23: Cutflows comparison between the standard cutflow («Cuts») and the one obtained
using the efficiency maps («Maps») for the signal corresponding to mπd = 5 GeV, cτπd = 5 mm and
mZ′ = 1.5 TeV.
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Cuts Maps Relative difference [%]
Njet ≥ 2 84226 84226 0

Emerging jet trigger & pT > 250 GeV & PTF < 0.04 66665 72132 8
Leading & sub-leading jets : |η| < 1.5 53779 57942 8
Leading & sub-leading jets : Nvtx ≥ 1 31743 35787 13

Table 6.24: Cutflows comparison between the standard cutflow («Cuts») and the one obtained
using the efficiency maps («Maps») for the signal corresponding to mπd = 5 GeV, cτπd = 5 mm and
mZ′ = 3 TeV.

6.4 Conclusion
This section presented the principle of the reinterpretation of BSM searches performed at the LHC.
It also presented my contribution concerning the implementation of several ATLAS analyses within
the MadAnalysis public database. Studies that exploit these analyses in addition to other ones
that are sensitive to dark QCD models are currently in finalization within a small international
collaboration of about 10 experimentalists and theorists in order to constrain the global dark QCD
parameter phase space.

Moreover, allowing the reinterpretation of the emerging jet analysis by providing useful infor-
mation together with the article is fundamental. I am currently involved in the evaluation of the
selection efficiencies concerning the variables used in the analysis that are difficult to reproduce
with reinterpretation frameworks.
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Conclusion

This document presented a search for emerging jets with the ATLAS detector considering an s-
channel Z ′ mediator that acts as a portal between a QCD-like dark sector and the visible sector.
During my thesis, I contributed in a significant way at different stages to one of the channels of
selection of the analysis. The final results demonstrates a remarkable improvement concerning the
sensitivity to new heavy Z ′ mediator. In the future, this analysis will be re-done with different
strategies and exploit the full set of Run-3 data that corresponds to an integrated luminosity of
about 350 fb−1. It is thus expected to lead to an important gain in sensitivity since the analysis
results presented in this thesis are limited by the available statistics. An other limiting point in the
analysis is the degradation in terms of track and vertex reconstruction efficiency at higher radius
in the inner detector, while the investigated final state corresponds to jets associated to displaced
objects. The replacement of the current inner detector with «ITk», a full silicon-technology detector
aiming to reconstruct tracks with a better efficiency within the high-luminosity LHC conditions, is
thus expected to increase significantly the sensitivity to the emerging jet topology.

This thesis also presented the reinterpretation of LHC analyses, that aims to re-employ existing
results from ATLAS or CMS and to constrain alternative models. I notably contributed to the
implementation within the MadAnalysis public database of several analyses that are sensitive to
dark QCD models, with the aim of constraining the corresponding parameter phase space. At the
time this thesis is written, I am still investigating possibilities to allow the future reinterpretation
of the emerging jet analysis by providing information that are exploitable and pertinent for such
purpose.

Finally, during my thesis, I also became an author of the ATLAS collaboration by proposing
modifications in the algorithms employed in ATLAS to reconstruct the jet constituents, allowing
notably to improve the reconstruction performances for jets located at the edge of the inner detector
acceptance.
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