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Introduction

In spite of the dazzling success of the Standard Model (SM), completed by the discovery in
2012 of the Higgs boson by the ATLAS and CMS experiments at the Large Hadron Collider
(LHC) there are many reasons to believe that it is not a complete theory of particle physics.
Many open questions remain, such as: what is dark matter? what happened to the antimat-
ter after the big bang? why are there three generations of quarks and leptons with such a
different mass scale? the hierarchy problem and more.

There are many approaches to try to answer these questions, ranging from dedicated
experiments for dark matter, antimatter, among others to the giant experiments at the LHC.
We, particle physicists working at the LHC, really hope new information from experiments
at the LHC will help us to find more of these missing pieces. In this context two com-
plementary approaches have been defined in the quest for physics beyond the SM (BSM):
direct searches for new physics and new particles and indirect searches through the use
of constraints mainly from flavour physics observables, cosmological data and dark matter
relic density, electroweak and Higgs precision tests and anomalous magnetic moment of the
muon. In the last 13 years, as a member of the ATLAS collaboration, I have had the opportu-
nity to explore both approaches, using the diboson process as the candle to shred some light
on these open questions. This document will summarise this work, what I have learned
in this professional journey and hopefully will also provide some discussion about possi-
ble ways to further exploit the potential of the LHC in the years to come for new physics
searches.

My personal quest for BSM physics is not recent. Already during my PhD (2009-2012) at
the former Université Blaise Pascal (UBP) in Clermont Ferrand (currently Université Cler-
mont Auvergne) I worked on the search for heavy particles, in the TeV range mass scale,
decaying to pairs of top-quarks [11, 163]. This was one of the first analysis in the ATLAS
collaboration exploring the physics of boosted topologies (i.e. due to the high Lorentz boost
two or three of the partons from the top quark decay are reconstructed as a single object).

At the beginning of 2013 I joined the ATLAS group at the Université de Genève (UniGe)
in Geneva, Switzerland as a postdoctoral researcher. During my two years there I focused on
the search for high mass diboson resonances (WW, ZZ and WZ) decaying fully hadronically.
This search above was initially done with LHC Run-1 data at centre-of-mass energies of√

s = 8 TeV, collected between 2009 and 2012. No significant deviation from the background
was found with the data from Run-1 but a small 2.5σ excess was observed around 2 TeV and
similar excesses had been observed in other diboson searches performed by CMS at that
point in time.

The year 2015 arrived with the start of the LHC Run-2 and the chance to join the Univer-
sity of Chicago as a postdoctoral researcher. The start of the LHC Run-2, with an increased
centre-of mass energy of

√
s = 13 TeV, opened great possibilities for new phenomena. Un-

fortunately the excess observed in the high mass diboson resonances decaying fully hadron-
ically analysis was not confirmed by the 2015 and 2016 dataset but the mass limits were
greatly improved. During those years I contributed to the first analysis looking for WH and
ZH resonances decaying fully hadronically, as well as to the first global combination of sev-
eral high mass resonance searches decaying to diboson and leptons. Between 2016 and 2017
I led the ATLAS Diboson/Multilepton Exotics subgroup.
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In 2018 I joined the ATLAS group at Laboratoire de Physique Nucléaire et de Hautes Én-
ergies (LPNHE) as a researcher of the French National Centre for Scientific Research (CNRS).
Participating still in the global combination of several high mass resonance searches decay-
ing to diboson and leptons, I also started using the diboson topologies for an indirect search
for new physics. Building on my expertise with diboson resonance searches I contributed
to the first ATLAS measurement of the vector boson associated production of Higgs (VH)
decaying to b-quarks using boosted topologies.

I strongly believe that for the work of an experimental particle physicist to be complete and integral
it should include three main ingredients: data analysis, detector performance and instrumentation
work. My detector performance involvement has been mainly related to jet calibration and
jet tagging since my PhD. Quarks and gluons, and their experimental signature known as
jets, are abundantly produced in these high-energy collisions and they are present in sev-
eral important physics processes at the LHC and at future colliders. To maximise the LHC
potential for discovery and precision measurements one must be able to increase our un-
derstanding of jets and with that the understanding of QCD. Among other things, I was
responsible for the algorithms recommendations to be used for the identification of boosted
W/Z bosons jets at the beginning of Run-2. Between 2019 and 2021 I coordinated the flavour
tagging calibration subgroup in ATLAS which calibrated the algorithms used to identify b-
jets as well as boosted bb topologies like the Higgs (H → bb̄). Since October 2021 I am one
of the two coordinators of the ATLAS Jets and Missing Transverse Energy (jetEtmiss), a role
of 2 years.

Regarding my work on instrumentation. During my post-doc at University of Geneva,
I participated in the testbeam data reconstruction from a testbeam telescope designed by
UniGe-ATLAS in order to test a prototype HV-CMOS chip developed for the ATLAS Inner
Tracker (ITk) upgrade as part of the High Luminosity (HL)-LHC program. During my time
at the University of Chicago I worked on the Global Feature EXtractor (gFEX) project. gFEX
is one of the modules designed for the upgrade of the ATLAS trigger system (L1Calo) for
Run-3 and will have access to the information of the whole calorimeter needed for the re-
construction of large jets from boosted objects and the calculation of global event variables
such as the missing transverse energy at the trigger level. I joined the L1Calo team and did
shifts in 2015 and 2016 to get to know the previous system better while coordinating the
gFEX - calorimeter integration tests that took place in 2016. When I joined the LPNHE in
2018 I re-joined the ITk community in preparation for the HL-LHC phase.

Scientific and education capacity building are also part of my core activities. In 2014,
with several Venezuelan colleagues, I co-founded an organisation called Centro Virtual de
Altos Estudios de Altas Energias-Chapter Venezuela (CEVALE2VE). CEVALE2VE was an
initiative to strengthen academic training and research in the area of High Energy Physics
(HEP). Initially created for and from the Venezuelan academic community, it expanded to
several Latin American countries and brought together Venezuelan, Colombian, Peruvian
and Mexican scientists involved in international collaborations in the fields of HEP, detec-
tor development and computer science. CEVALE2VE in cooperation with the International
Center for Theoretical Physics (ICTP) in Trieste, Italy, organised several outreach roadtrips
in South America between 2016 and 2019 through the Physics without Frontiers program
for South America and the BrainGain-Venezuela program.

The community strengthened by these initiatives, and other European-Latin American
programs like HELEN and e-PLANET, joined efforts in the creation of the Latin-American
alliance for Capacity buildiNG in Advanced physics (LA-CoNGA physics). LA-CoNGA
physics is building a network of common capacities in advanced training in Latin American
universities. Initially co-financed as an Erasmus+ project (Capacity Building in Higher Edu-
cation) for 4 years it has succeeded in bringing together 8 universities in Colombia, Ecuador,
Peru, and Venezuela to support their efforts towards internationalisation, accessibility and

http://www.cevale2ve.org
http://www.cevale2ve.org
https://www.ictp.it/physics-without-frontiers/current-country-projects/south-american-wide-pwf-hep-programme.aspx
https://www.ictp.it/physics-without-frontiers/current-country-projects/south-american-wide-pwf-hep-programme.aspx
https://www.ictp.it/physics-without-frontiers/current-country-projects/venezuela-braingain.aspx
https://www.roma1.infn.it/exp/helen/
https://ep-news.web.cern.ch/content/eplanet-european-particle-physics-latin-america-network
https://laconga.redclara.net/en/home/
https://laconga.redclara.net/en/home/
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digitisation. It strengthens collaboration with Europe including 3 European universities
in France and Germany, and several international and national research centers (including
ICTP in Italy, CERN in Switzerland and CNRS, CEA in France) as well as industrial partners
(the Italian instrumentation company CAEN and data science start-ups). The project has
successfully piloted the creation of a Masters-level year with key subjects of study Data Sci-
ence, Instrumentation and Advanced Physics, as skills highly in demand outside academia.
I have the pleasure to be the deputy coordinator of LA-CONGA physics since it started in
2020. I have also actively participated in several local outreach and science communication
activities like Fêtes de la Science in Paris, guided tours to CERN and ATLAS, la “Nuit de
la Science” and “Expanding your Horizons” in Geneva and masterclasses hands-on particle
physics. All these activities shaped my work values and mission: diversity and collabo-
ration in science, development of early career scientist and streghtening the relationship
between Latin American and Europe.

The present document describes the main subjects I have worked on after my PhD, fo-
cusing on my personal contributions. The experimental tools: the LHC and the ATLAS
detector, as well as the objects reconstruction and calibration in ATLAS are briefly intro-
duced in Chapter 1. Chapter 2 is devoted to the direct searches for hadronically decaying
diboson resonances using LHC Run-1, while the results using early (2015+2016) Run-2 data
and their combination with other diboson searches are discussed in Chapter 3. Chapter 4 de-
tails the measurement of the associated production of a Higgs boson decaying into b-quarks
with a vector boson at high transverse momentum and the measurement of the jet mass in
high transverse momentum Z(→ bb̄)γ production, both examples of indirect BSM searches
using diboson topologies. A brief outlook and conclusion is presented in Chapter 5. I have
also included a couple of appendices presenting my teaching and supervision of students’
research activities, as well as other responsibilities held in the past years.

Several subjects that I worked on are not treated at length in this document. Those in-
clude VH resonance searches [10, 95, 96], HL-LHC prospect studies for the SM VH, H →
bb̄ [12], searches for SUSY chargino and neutralino production in final states with a Higgs
boson and missing transverse momentum [89], gFEX [139], ITk, data quality and control-
room shifts for the Run-2 L1Calo system, as well as my contribution to capacity building
initiatives and outreach activities.

https://lpnhe.in2p3.fr/spip.php?article1581
http://www.ville-ge.ch/culture/nuit/
http://www.ville-ge.ch/culture/nuit/
https://home.cern/news/announcement/knowledge-sharing/time-register-expanding-your-horizons-geneva
https://physicsmasterclasses.org
https://physicsmasterclasses.org
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Chapter 1

ATLAS and the LHC: a jetty place

1.1 The Large Hadron Collider (LHC)

The LHC [178] is a 27 km two-ring superconducting collider installed between 45 m and
170 m below the surface in the French–Swiss border, in the vicinity of Geneva. The last step
of the CERN accelerator complex, illustrated in Figure 1.1, the LHC uses superconducting
magnets to bend proton beams with energy up to a design value of 7 TeV, hence the max-
imum achievable center-of-mass energy is

√
s = 14 TeV for proton-proton (pp) collisions,

and heavy ions such as lead to 5 TeV per nucleon.
Collisions take place at up to 40 MHz (25 ns bunch spacing) in four different points, all

instrumented with large experiments: two general purpose experiments ATLAS (A Toroidal
LHC ApparatuS) and CMS (Compact Muon Solenoid), ALICE (A Large Ion Collider Ex-
periment) and LHCb (Large Hadron Collider beauty). The pp collision rate divided by
the interaction cross-section, known as instantaneous luminosity, exceeds 10 nb−1 s−1 or
1034 cm−2 s−1. The collision center-of-mass energy as well as the integrated luminosities
delivered have changed since the beginning of the data taking in 2010. Figure 1.2 show the
integrated luminosities delivered in the various years of LHC operation.

At the time of writing, we are at the beginning of the data taking period known as Run-3,
which started in July 2022 and is expected to last until 2025. The LHC is expected to continue
its operations until 2038 and more details about the expected performance in the next runs
is given in Chapter 5. This document presents results using data from Run-1 (2010-2012)
and Run-2 (2015-2018).

1.2 The ATLAS detector

The ATLAS detector [116] at the LHC is a multipurpose particle detector with a forward–
backward symmetric cylindrical geometry and a near 4π coverage in solid angle1. ATLAS
has a wide physics program aiming basically at: Standard Model precision measurements,
searches for and measurements of the Higgs boson and searches for physics beyond the
Standard Model. As a collaboration, ATLAS consists of more than 5500 scientists and engi-
neers from 245 institutes in 42 countries around the world. I am honored to be part of this
collaboration since 2009, exactly when the data taking started.

Like many collider experiments, ATLAS is built of several sub-detectors, configured in
concentric layers around the interaction point, each one serving a different purpose. Its

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre
of the detector. The positive x-axis is defined by the direction from the interaction point to the centre of the LHC
ring, with the positive y-axis pointing upwards, while the beam direction defines the z-axis. Cylindrical coordi-
nates (r, φ) are used in the transverse plane, φ being the azimuthal angle around the z-axis. The pseudorapidity η
is defined in terms of the polar angle θ by η = − ln tan(θ/2). Rapidity is defined as y = 0.5 ln[(E + pz)/(E− pz)]
where E denotes the energy and pz is the component of the momentum along the beam direction. The angular
distance ∆R is defined as

√
(∆y)2 + (∆φ)2.
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FIGURE 1.1: Illustration of the LHC injector complex. The four main LHC
experiments are indicated with yellow circles.
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FIGURE 1.2: Cumulative integrated luminosity by year delivered to ATLAS
during stable beams and for high energy p-p collisions. From Ref. [123].

layout is shown in Figure 1.3. From the interaction point outwards, the first subdetector
is the inner detector (ID) which is used for tracking of charged particles. The ID covers
the pseudorapidity range |η| < 2.5, has a total length of 7024 mm, an inner radius of 45
mm and an outer radius of 1150 mm, it is as close as 10 mm to the beam pipe. It consists
of three tracking devices: a silicon pixel detector , a silicon microstrip detector (the Semi-
Conductor Tracker SCT), and a transition radiation tracker (TRT) in the range |η| < 2.0, that
provides electron identification capabilities. An inner pixel layer, the insertable B-layer [14],
was added at a mean radius of 3.3 cm during the long shutdown period between Run 1 and
Run 2 of the LHC. Surrounded by a thin superconducting solenoid providing a 2 T magnetic
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field, the ID guarantees excellent tracking capability with precise momentum determination
over a wide range of momenta. It also identifies tracks from secondary vertices, permitting
the efficient b-quark jets and tau-leptons identification.

The subsequent subdetector is the calorimeter system, which measures the energy of
particles by total absorption. It is divided into an electromagnetic (in charge of measuring
the energy and position of photons and electrons with high precision) and a hadronic com-
ponent (where hadrons and other particles with enough energy to not be fully absorbed in
the electromagnetic calorimeters deposit their remaining energy). Lead/liquid-argon (LAr)
sampling calorimeters provide electromagnetic energy measurements with high granularity
(|η| < 3.2). In the |η| < 1.8 region, it is complemented by a pre-sampler LAr-based layer
used to correct for fluctuations in upstream energy losses. The calorimeter itself is separated
into three layers in depth. The first layer is finely segmented up to |η| < 2.5, allowing for
efficient separation of single photons from two collimated photons from a π0 → γγ de-
cays. The second layer collects of the energy deposited in the calorimeter by photon and
electron showers. The third layer completes this collection for the highly energetic e and γ
and checks their isolation from the hadronic calorimeter to limit the rate of misidentified
jets. The hadronic calorimeter uses a steel/scintillator-tile sampling detector in the central
pseudorapidity range (|η| < 1.7, known as hadronic barrel calorimeter) and a copper/LAr
detector in the region 1.5 < |η| < 3.2 (known as hadronic end-cap calorimeter). As for the
EM calorimeter the read-out is segmented longitudinally. In this case in three layers in both
barrel and extended barrel. The cell granularity is ∆η × ∆φ = 0.1 × 0.1 for the first two
layers and ∆η × ∆φ = 0.1× 0.2 for the third one. The forward regions (3.2 < |η| < 4.9)
are instrumented with copper/LAr and tungsten/LAr calorimeter modules optimised for
electromagnetic and hadronic measurements, respectively.

Of all known interacting particles, only muons and neutrinos are penetrating enough
to reach beyond the calorimeters. Neutrinos interact only weakly and escape the detector
without leaving traces. ATLAS’ almost hermetic calorimetry is fundamental for the mea-
surement of missing transverse energy and therefore infer the production of non-interacting
particles like neutrinos. A tracking sub-detector is placed outside of the calorimeters to
measure the muon’s momentum: the muon spectrometer. In this way the detection of all
the particles is achieved. Both tracking sub-detectors (the inner detector and the muon spec-
trometer) operate in a magnetic field, provided by a solenoidal and a toroidal magnet system
respectively. The systems most relevant for the analyses presented in this document are the
inner detector and the calorimeters. Additional detectors exist to monitor the luminosity
and the beam position. Events are selected using a first-level trigger implemented in cus-
tom electronics, which reduces the event rate to a design value of at most 100 kHz using
a subset of detector information [85]. Software algorithms with access to the full detector
information are then used in the high-level trigger to yield an average recorded event rate
of about 1 kHz.

1.3 Object reconstruction and calibration in ATLAS

The algorithms used to reconstruct and identify the different objects from the detector infor-
mation have of course evolved over time and depend also on the needs of each analysis, as
will be mentioned in the next chapters when necessary. In this section you can find a global
description of the objects reconstruction and calibration in ATLAS. A more detailed description
will be provided for jets to showcase some of my contributions on this topic.

Electrons are reconstructed from their energy deposited in a cluster of cells in the elec-
tromagnetic calorimeter, a cluster that is associated with the track left in the ID. The iden-
tification of the electrons is based on many variables like the shape of the cluster of energy
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FIGURE 1.3: A detailed computer-generated image of the ATLAS detector and
its subsystems. From Ref. [116].

deposits in the calorimeter, track quality and track-to-cluster matching [32, 33].
Muons are usually identified by combining a trace in the internal detector with a trace

in the muon spectrometer [72]. They are required to have a minimum number of hits in
each system, and must be compatible in terms of geometrical and momentum matching. It
is also possible to reconstruct muons whose trace in the spectrometer is not complete but
associated with a trace in the internal detector, or whose trace in the muon spectrometer
points to the interaction point. Requirements on the leptons isolation are usually used at
the analysis level, requiring no near-by tracks within a pT−dependent variable-size R cone
around the electron.

Photon candidates are reconstructed from clusters of energy deposits in the EM calorime-
ter [31, 62]. The photon energy is calibrated by applying the energy scales measured with
Z → e+e− decays. Identification requirements are applied to reduce the contamination from
π0 or other neutral hadrons decaying into photons. Requirements on the shower shape in
the EM calorimeter and on the energy fraction measured in the hadronic calorimeter are
used to identify photons.

For electrons, muons and photons, different identification and isolation levels are possi-
ble (from loose to tight) depending on the desired level of background rejection, knowing
that an increase in purity through stricter selections leads to a decrease in identification effi-
ciency.

The presence of very weekly interacting particles like neutrinos in some analysis topolo-
gies can be inferred from a momentum imbalance in the transverse plane. The missing
transverse momentum, Emiss

T , is reconstructed as the negative vector sum of the momenta
of leptons and jets in the event plus a ‘soft term’ built from additional from topo-clusters
with |η| < 4.9 in Run-1 [83] and from tracks associated with the primary vertex in Run-
2 [84]. Even though the track-based soft-term misses components from soft neutral parti-
cles, it was found to be beneficial, as it removes any pile-up contributions compared to the



8 Chapter 1. ATLAS and the LHC: a jetty place

calorimeter-based variant which only uses noise suppression in the topo-clustering algo-
rithm to avoid fake signals. The magnitude of Emiss

T is referred to as Emiss
T in the following

chapters.

1.4 A special section for jets

Jets are the experimental signatures of quarks and gluons. While the resulting bunch of par-
ticles from quarks and gluon hadronisation pass through the ATLAS detector, they produce
tracks in the ID and energy deposits inside the calorimeters. Jets are key for all the different
analyses that will be presented in this document. The jet reconstruction process consists
in three steps: the definition of inputs, the use of a jet reconstruction algorithm to group
the inputs and finally the jet calibration for jet reconstructed from detectors inputs which
corrects the jet energy, momentum and mass for the effects of ATLAS calorimeters non-
compensation, dead material, leakage, out of cone and other thresholds effects. Depending
on the inputs and reconstruction algorithm that is used to reconstruct this collimated spray
of hadrons to gain information about the initial partons, the resulting jets can be completely
different objects. Finally the identification of the origin of jets, i.e. whether it is coming
from a light-quark, a gluon, a b−jet or a hadronically decaying boson, is essential for many
physics analyses. In this section I will provide a summary of the jet reconstruction process,
with a focus on the calibration and jet identification algorithms where I directly contributed
in the last year.

1.4.1 Jet inputs

According to the inputs used, jets can be classified as:

• Truth jets: reconstructed using stable particles 2 produced by the hadronization models
of the different Monte Carlo generators, before any detector simulation. Muons and
neutrinos are not taken into account. These jets are are mainly used as the reference
objects for simulation-based ATLAS jet calibrations and as reference in physics studies.

• Track jets: reconstructed using charged-particle track information [29]. They are mainly
used as proxies for b-jets in dense-environments (see Section 1.4.5).

• Calorimeter jets: reconstructed using noise-suppressed topological clusters (topoclus-
ters) of calorimeter energy depositions [120].

• Jets can also be built from a combination of tracks and calibrated clusters of energy de-
posits in calorimeter cells. There are different ways of combine them e.g. particle flow
(PFlow) [52], Track-CaloCluster (TCC) [47] or UFO [164] jets. By combining calorime-
ter and tracking information, one benefits from both the better energy resolution of the
calorimeter at high energy and the superior angular resolution for the tracks. This is a
relatively recent development in ATLAS.

PFlow attempts to decide on a particle-by-particle basis whether the energy measure-
ment is better performed by the tracker or calorimeter based on the relative resolution
of the two detectors for particles of various energies. TCC uses the angular energy flow
information from the tracker in combination with the energy measurement from the
calorimeter, with a particular focus on using tracking information to resolve distinct
particles which would otherwise be reconstructed by a single topocluster. And UFO
combines PFlow and TCC to get a good performance across the whole jet pT range.

2Stable particles refer to particles with a lifetime greater than 10 ps.
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1.4.2 Jet reconstruction algorithms

Jet reconstruction algorithms allow to associate the inputs constituents to a jet object. Jet
algorithms that are currently being used in ATLAS belong to the sequential reconstruction
algorithms category, since they are infrared and collinear safe giving a stable and precise de-
scription of QCD interactions during the pp collision. Sequential recombination algorithms
take inputs and combine them to form jets according to the following distance parameter:

dij =min(p2p
T,i, p2p

T,j)
∆R2

ij

R2 (1.1)

diB =p2p
T,i (1.2)

where ∆Rij is the angular distance between the two objects i and j and R is the radius
parameter of the jet algorithm which regulates the size of the jets. The free parameter of
the algorithm, p, defines how the input particles are combined. The kt algorithm [143, 177]
corresponds to p = 1, the Cambridge-Aachen (C/A) algorithm [171] to p = 0 and the anti-
kt algorithm to p = −1 [137]. For the C/A algorithm, entities are combined purely based
on their angular separation. For the kt algorithm, soft particles are favoured to be merged
first in contrast to the anti-kt algorithm where the jet starts growing outwards from a high-
pT object. The anti-kt algorithm is the default algorithm used in ATLAS, since due to their
conical shape they are less susceptible to the underlying event and pile-up and they are also
easier to calibrate. However, the irregular shapes of the kt and C/A algorithm are useful in
terms of studying the parton shower of the initial particle as the clustering process of the
two algorithms reverses this process. The value used for the radius parameter R depends
on the application in mind. In ATLAS jets built using a radius parameter R equal to 0.4 are
referred to as “small-R” jets and they are used as proxies for single quarks or/and gluons.
Jets built using a larger R, usually R = 1.0, are referred to as “large-R” jets and are used to
reconstruct boosted particles decaying hadronically like top-quarks and bosons.

1.4.3 Jet pile-up mitigation

Since the beginning of data taking in 2009 the average number of pileup interactions per
bunch crossing has increased significantly, exacerbating the pileup dependence of existing
jet reconstruction procedures. In Run-1 the average of interactions per crossing was 21,
14 in 2015 at the beginning of Run-2 and 36 in 2018. For small-R jets, this dependence is
mitigated using a two step method: a jet-area-based subtraction of pile-up energy method
and a the residual pile-up correction dependent on the number of reconstructed primary
vertices, NPV , and the mean number of interactions per bunch crossing, µ [51].

For large-R jets, this dependence is usually minimized through the use of jet inputs
which suppress calorimeter noise like noise-suppressed topological clusters and jet groom-
ing algorithms (which will be described shortly). Towards the end of Run-2 this treat-
ment was not enough. Recently some further constituent-level pileup mitigation techniques
have been implemented and tested in ATLAS to further reduce the residual pileup depen-
dence, e.g. Constituent Subtraction [127], Voronoi Subtraction [24], SoftKiller [136], and
PUPPI [128].

Jet grooming algorithms generally have two uses; (i): to remove contributions from
pileup , and (ii) to reveal hard substructure within jets resulting from massive particle de-
cays by removing the soft component of the radiation. There are many grooming algorithms
developed in the last years. Here we will briefly describe those will be useful in next chap-
ters, the description is fully taken from Ref. ??.
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• Trimming [192]: Starting with constituents of jets initially reconstructed using the C/A
or anti-kt algorithm, smaller ‘subjets’ are reconstructed using the kt algorithm with a
radius parameter R = Rsub, and removed if they carry less than a fraction fcut of the
original, ungroomed, large-R jet pT. For reference, the recommended trimming config-
uration used in ATLAS studies for the majority of Run-2 analyses was anti-kt, R = 1.0,
with fcut >= 5% and Rsub = 0.2. This was the results of a detailed study of techniques
for identifying boosted, hadronically decaying bosons to which I contributed and will
be described in Chapter 2.

• Pruning [176]: The constituents of jets initially reconstructed with the C/A or anti-kt
algorithms are re-clustered with the C/A algorithm with two parameters: Rcut and
Zcut. In each pairwise clustering, the secondary constituent is discarded if it is (i)
wide-angled: ∆R12 > Rcut × 2M/pT, where ∆R12 is the angular separation of the two
subjets; or (ii) soft: f2 < Zcut, where M is the jet mass and f2 is the pT fraction of the
softer constituent with respect to the pT of the pair. A configuration of the pruning
algorithm was favoured by the CMS experiment for boson tagging [150], using C/A
jets with R = 0.8 and pruning with Zcut = 10% and Rcut = 1 during Run-1 and
beginning on Run-2.

• Split-filtering [134]: This algorithm has two stages: the first (splitting) is based on the
jet substructure, and the second (filtering) is a grooming stage to remove soft radiation.
For the first stage, C/A jets are de-clustered through the clustering history of the jet.
This declustering is an exact reversal of the C/A clustering procedure, and can be
thought of as splitting the jet into two pieces. The momentum balance,

√
y12, is defined

as:

√
y12 =

min(pT1, pT2)

m12
∆R12, (1.3)

where pT1(pT1) is the piece with the highest (the lowest) pT, and m12 is the invariant
mass of the two pieces. The mass-drop fraction µ12 is the fraction of mass carried by
the piece with the highest mass:

µ12 =
max(m1, m2)

m12
. (1.4)

If the requirements on the mass-drop µ12 < µmax and momentum balance
√

y12 >√
ymin are met then the jet is accepted and can proceed to the filtering stage. Otherwise

the de-clustering procedure continues with the highest mass piece: this is now split
into two pieces and the µ12 and

√
y12 requirements are again checked. This process

continues iteratively. In the filtering stage, the constituents of the surviving jet are
reclustered with a subjet size of Rsub = min(0.3, ∆R12) where ∆R12 is taken from the
splitting stage. Any remaining radiation outside the three hardest subjets is discarded.
This algorithm differs somewhat from pruning and trimming in that it involves both
grooming and jet selection. A version of this algorithm was favoured by the ATLAS
diboson resonance searches performed in Run-1 described in Chapter 2.

• Soft-drop [198]: In ATLAS soft-drop calorimeter jets are formed by the application of
the soft-drop algorithm [198] to the anti-kt R = 1.0 jets described above, with addi-
tional topological cluster preprocessing that is described below. The soft-drop algo-
rithm is designed to remove soft and wide-angle radiation and also contamination
from pileup. In the first step of the grooming algorithm, the anti-kt R = 1.0 jets are
reclustered with the Cambridge-Aachen (C/A) algorithm so that the constituents are
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combined purely according to their angular separation. The soft-drop algorithm then
reverses the C/A algorithm clustering history and removes the softer subjet at a spe-
cific step of the C/A clustering history unless the soft-drop condition is fulfilled:

min(pT1, pT2)

pT1 + pT2
> zcut

(
∆R12

R0

)β

, (1.5)

where zcut and β are algorithm parameters, pT1 and pT2 are the transverse momenta
of the declustered subjets at each history step, ∆R12 is the distance between the sub-
jets in the (η, φ) space and R0 is a threshold corresponding to the jet radius. The use
of Soft-Drop in ATLAS is very recent and studies in Ref. [45] recommend the use of
parameters β = 0 and zcut = 0.1. These studies showed that soft-drop jet mass ex-
hibits a pileup dependence with the chosen parameters and therefore a special version
of pileup suppressed topological clusters are used to construct the jets that are then
groomed with the soft-drop algorithm: the SoftKiller (SK) algorithm is used in con-
junction with Constituent Subtraction mentioned before.

1.4.4 Jet calibration

The jet energy scale (JES) and jet mass scale (JMS) calibration restores the jet energy and
mass to that of jets reconstructed at the particle level, respectively. The calibration chain is
different for small-R and large-R jets and it has also varied along the years. In this section
you will find a global description of the small-R jets calibration (taken from Ref. [51]) and
a more detailed historical review of the large-R jets calibration in which I worked between
2013 and 2015 (largely based on Ref. [170]). Between the beginning of 2013 and 2016, I co-
supervised the thesis of Chris Delitzsch at University of Geneva, her qualification task was
related to the calibration work for large-R jets. The main goal in this period was to derive
the calibrations and corresponding uncertainties for the legacy analyses using full Run-1
dataset, as well as the ones needed for the analyses using the first data from Run-2. Three
jet collections were calibrated:

• anti-kt R = 1.0 trimmed jets with fcut = 0.05 and Rsub = 0.3 [27, 53]: the jet collection
used by most of the ATLAS physics analyses in Run-1. More details about how this
optimized choice was made can be found in Section 2.3.1.

• split-filtered C/A jets with R = 1.2 [99]: used in diboson resonance searches as de-
scribed in Section 2.1

• anti-kt R = 1.0 trimmed jets with fcut = 0.05 and Rsub = 0.2 [40, 49]: the jet collection
used by ATLAS physics analyses in Run-2. The boosted vector boson identification
algorithm, including the jet reconstruction and grooming algorithm, was optimised to
account for the higher centre-of-mass energy and changed pile-up conditions in Run-2
as described in Section 2.3.2.

The calibrations that will be described here are essential elements of the analyses pre-
sented in Chapters 2, 3 and 4 and they were used by many other physics analyses in the
ATLAS collaboration.

Jet calibration for small-R jets

The full calibration chain for small-R jets is presented in Figure 1.4. At the beginning of
the small-R jets calibration chain, the pile-up corrections remove the excess energy due to
pile-up interactions. These corrections consist of two components: a correction based on the
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jet area and transverse momentum density of the event, and a residual correction derived
from MC simulation and parameterized as a function of the mean number of interactions
per bunch crossing (µ) and the number of reconstructed primary vertices in the event (NPV).
Then, the absolute JES calibration corrects the jet so that it agrees in energy and direction
with truth jets from dijet MC events. Afterwards, the global sequential calibration (GSC,
derived from dijet MC events) improves the jet pT resolution and associated uncertainties
by removing the dependence of the reconstructed jet response on observables constructed
using information from the tracking, calorimeter, and muon chamber detector systems. Fi-
nally, a residual in situ calibration is applied to correct for remaining differences between
data and MC simulation. It is derived using a variety of well-measured reference objects to
cover the full detector region, including photons, Z bosons, and calibrated jets, and for the
first time benefits from a low-pT measurement using the Emiss

T projection fraction method
for better pile-up robustness. A full description of the calibration and its corresponding
uncertainties can be found in Ref. [51].

FIGURE 1.4: Stages of small-R jet energy scale calibration at the end of Run-2.
Each one is applied to the four-momentum of the jet [51].

Recent results, made public in 2022 [73], exploring new calibration techniques report im-
provements in the jet energy scale and resolution of up to 40% and more pile-up robustness
thanks to a residual correction taking into account the correlations between µ, NPV, jet η and
pT as well as an updated version of the global sequential calibration using Neural Networks
and as inputs the all of the inputs used in the GSC correction, the jet pT, the jet η, µ, NPV, the
fraction of jet energy measured in the different calorimeter layers and the minimum number
of clusters containing 90% of the jet energy.

Jet calibration for large-R jets

Back in 2013 when I started working on the large-R jets calibration the chain consisted in
two absolute consecutive corrections applied to jets after the grooming. The absolute JES
and JMS calibration correct the jet energy and mass to that of truth jets, respectively. The
calibration factors were derived in QCD dijet MC samples but were applied to the data as
well. The correction is calculated using all reconstructed groomed jets that have a matching
groomed truth jet within ∆R =

√
(ηreco − ηtruth)2 + (φreco − φtruth)2 < 0.75 · R, where R is

the jet radius parameter. The jet energy (mass) response RE (Rm) is measured in bins of
Etruth (energy of the matched truth jet) and η:

RE =
Ereco

Etrue
, Rm =

mreco

mtrue
. (1.6)

The average response is determined using an iterative Gaussian fit to the core of the
response distribution. The decision to calculate the response as a function of Etruth instead of



1.4. A special section for jets 13

det
ηJet 

-3 -2 -1 0 1 2 3

M
as

s 
re

sp
on

se
 b

ef
or

e 
ca

lib
ra

tio
n

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

1.25

1.3
E = 200 GeV
E = 400 GeV
E = 600 GeV
E = 800 GeV
E = 1000 GeV
E = 1500 GeV

ATLAS Simulation Preliminary
 LCW jets with R = 1.0tanti-k

 = 0.3)
sub

 = 0.05, R
cut

Trimmed (f

 = 8 TeVsPythia 8 dijets, 

(a)

det
ηJet 

-3 -2 -1 0 1 2 3

M
as

s 
re

sp
on

se
 a

fte
r 

ca
lib

ra
tio

n

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

1.25

1.3
E = 200 GeV
E = 400 GeV
E = 600 GeV
E = 800 GeV
E = 1000 GeV
E = 1500 GeV

ATLAS Simulation Preliminary
 LCW jets with R = 1.0tanti-k

 = 0.3)
sub

 = 0.05, R
cut

Trimmed (f

 = 8 TeVsPythia 8 dijets, 

(b)

FIGURE 1.5: The jet mass response as a function of the jet η for anti-kt R = 1.0
trimmed jets with fcut = 5% and Rsub = 0.3 for different jet energies (a) before

and (b) after the jet mass calibration [70].

Ereco is motivated by the fact that for fixed Etruth(Ereco) bins the response distribution is (not)
Gaussian. The average response is parameterized as a function of Ereco using a numerical
inversion procedure, as detailed in Ref. [50], and the jet calibration factor is taken as the
inverse of the average response. The jet mass response as a function of the jet η is depicted
in Fig. 1.5 for anti-kt R = 1.0 trimmed jets with fcut = 0.05 and Rsub = 0.3 before and after
the calibration procedure. After the calibration, the energy and η dependence of the jet mass
response is removed and is approximately restored to one. In addition to the jet energy
and mass, the jet η is also corrected with the numerical inversion technique. The standard
deviation of the gaussian fit to the response distribution, σE (σm), is used to define jet energy
(mass) resolution, known as JER (JMR).

Systematic uncertainties on the JES and JMS are then derived to account for differences
observed between data and simulation using well-understood reference objects:

〈Xjet/Xref〉data/〈Xjet/Xref〉MC. (1.7)

In Run-1 the JES uncertainties were derived by combining direct balance measurements
in γ+jet events using photons as reference at low pT with uncertainties with track-jets as
reference objects in the high pT regime. At the beginning of Run-2 only track-jets were used
as reference objects. Uncertainties for the JMS and the scale of substructure variables (see
Subsection 1.4.5) were derived only using track jets as reference objects as the γ+jet method
does not provide a handle on these scales. The γ+jet studies and uncertainties are discussed
in Ref. [27]. Our work focused on the track jet double-ratio method.

Track-jets were used as reference objects to derive the calibration systematic uncertainties
since charged-particle tracks are well measured, independent of the calorimeter and not so
susceptible to pile-up because the tracks are required to be associated to the hard-scatter
vertex. Track-jets are associated to calorimeter-jets using a geometrical matching of ∆R <
0.75R, where R is the radius parameter of the jet reconstruction algorithm. The double-ratio
technique will be explained using the jet mass, but the procedure is the same for the jet
energy and substructure variables. In this case Eq. 1.7 becomes:

Rm
track-jet =

rm,data
track-jet

rm,MC
track-jet

=

mjetdata

mtrack-jet
data

mjetMC

mtrack-jet
MC

(1.8)
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FIGURE 1.6: (a) Distribution of the calorimeter to track-jet mass ratio rm
track-jet

in data and Monte Carlo simulations for anti-kt R = 1.0 trimmed jets with
fcut = 0.05 and Rsub = 0.3 and (b) the mean calorimeter to track-jet mass ratio

as a function of m/pT [170].

Figure 1.6(a) shows the calorimeter to track-jet mass ratio, rm
track-jet, distribution for the

two leading anti-kt R = 1.0 trimmed jets with fcut = 0.05 and Rsub = 0.3 in PYTHIA8, HER-
WIG++ and the full dataset collected in 2012 corresponding to an integrated luminosity of
20.3 fb−1. The peak near rm

track-jet ≈ 2 is caused by relatively soft particles that constitute
the calorimeter jet mass. These particles are either not included in the track-jet because they
result from additional pp collisions in the same bunch crossing or their tracks are bent by
the magnetic field and thus result in a smaller track-jet mass. The shape of the rm

track-jet distri-
bution is well described by both MC simulations and the mean value is also well modelled
as shown in Figure 1.6(b).

Figure 1.7(a) shows the JMS uncertainty for anti-kt R = 1.0 trimmed jets with fcut = 0.05
and Rsub = 0.3 in different detector regions. The uncertainties are derived in bins of pT,
η and m/pT. As previously mentioned, the double-ratio method as well as γ+jet events
are used to derive the pT scale uncertainties. The uncertainties derived from γ+jet events
were however limited in pT reach in the 2012 data and only statistically significant for
pT < 800 GeV. The pT scale uncertainties derived with the photon-balance method are of the
order of 1% at low transverse momentum and approximately 2% at high pT (pT ≈ 800 GeV)
compared to 4% and 6% respectively for the double-ratio track-jet method as shown in Fig-
ure 1.7(b).

A slightly different approach was used to derive JES and JMS systematic uncertainties
for analyses using large-R jets that published results at the beginning of Run-2 with 3.2/fb
of 13 TeV data at the end of 2015 (as is the case of the diboson resonance search in Chap-
ter 3.2). At that point the double-ratio method systematic uncertainties were not available
yet, as it takes time to derive them. The Run-1 track-jet double-ratio uncertainties shown
in FIgure 1.7 were used as baseline uncertainties and additional MC uncertainties where
added to take into account differences between Run-1 and Run-2. These changes include
(but are not limited to) differences in the detector, the beam conditions and the reconstruc-
tion of topo-clusters, as described in Ref. [49]. These additional MC uncertainties increased
the JES (JMS) by 2% (<5%) in the central region of the detector. Later analyses using the 2015
and 2016 dataset (like the diboson resonance search combination in Section 3.3 and the Zγ
measurement mentioned in Section 4.3) used in-situ JES and JMS systematic uncertainties
derived using the track-jet double-ratio method described previously. The in-situ derived
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FIGURE 1.7: (a) Summary of the systematic uncertainties for anti-kt R = 1.0
trimmed jets with fcut = 5% and Rsub = 0.3 on the jet mass scale for different
η ranges determined with the double-ratio track-jet method and (b) the jet
energy scale derived from the track-jet double-ratio method, γ+jet events and
topology differences in MC as a function of the jet pT. The uncertainties are
shown for m/pT = 0.2 and were derived with data taken at

√
s = 8 TeV [53].

JES uncertainties are slightly smaller than the MC-based systematics used for early Run-2
analyses, while for the JMS the systematic uncertainties were reduced by about 2% overall.

Recently, at the end of Run-2, several in-situ calibration techniques where a large-R jet is
balancing a photon, Z boson or another well-calibrated jet depending on the pT range have
been included in the large-R JES calibration chain, improving its precision [48]. The JER
and a calibration of forward jets are derived using dijet balance measurements. The jet mass
response is measured with two methods: using mass peaks formed by W bosons and top
quarks with large transverse momenta and by comparing the jet mass measured using the
energy deposited in the calorimeter with that using the momenta of charged-particle tracks.
The current full calibration chain for large-R jets is presented in Figure 1.8 [48, 59]. These
advanced in-situ techniques are currently used to calibrate a newest and more performant
jet collection using UFO inputs and groomed using the soft-drop algorithm, which is the
collection recommended for Run-3. Additional improvements in the MC-based calibration
procedure are being under investigation, like the simultaneous derivation of the JES and
JMS using machine learning techniques which are very promising.

1.4.5 Jet tagging

Once the jets are reconstructed and calibrated there is an extra information that might be
useful when doing a physics analysis: what kind of jet is it? Is it a jet originated from a
light-quark, a b-quark, a gluon, a hadronically decaying Z/W or a Higgs boson? In order
to answer this question the ATLAS collaboration has developed several tagging algorithms
to identify the origin of jets. In this section the main ingredients used for b-tagging and
boosted boson tagging are outlined.

Boosted W/Z boson tagging

A performant boosted W/Z boson tagging requires three main ingredients:

• A large-R jet: At the high centre-of-mass energy of the LHC vector bosons are often
produced with a transverse momentum much larger than their mass. Thus, the decay



16 Chapter 1. ATLAS and the LHC: a jetty place

FIGURE 1.8: Stages of large-R jet energy scale calibrations at the end of Run-2.
Each one is applied to the four-momentum of the jet [48].

products of the W and Z boson are boosted and collimated along the bosons momen-
tum. The angular separation, ∆Rqq̄, of the hadronic decay products depends on the
mass, mW/Z, of the vector boson and its transverse momentum pT

∆Rqq̄ '
1√

x(1− x)
mW/Z

pT
, (1.9)

where x and (1− x) are the momentum fraction carried by the two quarks, respectively.
For the decay of a W or Z boson, the two quarks are expected to have approximately
the same momentum and thus Equation 1.9 simplifies to ∆Rqq̄ ' 2·mW/Z

pT
. For a W

boson with a pT of 200 GeV, the ∆Rqq̄ between the quarks for the majority of events is
approximately 0.8 whereas for a pT of 500 GeV, the average angular separation is less
than 0.5. Therefore, the decay products of the boosted hadronically decaying vector
bosons are usually reconstructed within a large-R jet of the size of R ≈ 1.0 to ensure
that all energy deposits from the hadronic decay are captured.

• Grooming algorithm: a grooming algorithm is essential to remove pile-up contami-
nation from the large-R jet. Due to the high-luminosity conditions, soft particles unre-
lated to the hard scattering can contaminate these jets resulting in a diminished mass
resolution. A brief description of grooming algorithms can be found in Section 1.4.3.

• Substructure variables: Large-R jets coming from a vector boson or Higgs boson de-
cay are characterized by two dense regions with high energy which share approxi-
mately the same pT whereas for a QCD-jet (a jet from a single quark or gluon) only
one dense energy region is expected assuming no hard final state radiation. Substruc-
ture variables are calculated from the constituents of the jet ad are designed to uncover
the hard structure within jets, allowing to distinguish between large-R jets originating
from the hadronic decay of bosons and those from QCD multi-jet production.

The choice of jet radius parameter size, grooming algorithm and substructure variables
to use in ATLAS was extensively studied in Run-1 in ATLAS. A comparison work took
place between 2014 and 2015 [40] and it is summarized in described in Section 2.3.1. This
comparison study served as baseline for a boosted vector boson identification algorithm op-
timization for Run-2 I led in 2015 in preparation for the first

√
s = 13 TeV data analyses [39].

The large-R jet collection recommended and used for most of the analyses in Run-2 was
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LCTopo anti-kt R = 1.0 trimmed jets with fcut = 0.05 and Rsub = 0.2 and the studies leading
to this recommendation are summarised in Section 2.3.2.

Over the past years a large number of substructure variables have been developed. These
high level quantities summarize the information contained in the jet constituent’s kinematic
properties. Table 1.1 lists some of the variables that have been studied in ATLAS. Below
only the substructure variables that will be used/mentioned in the next chapters and are
particularly good at distinguish the one-prong structure of QCD-jets from the two-prong
structure of boson-jets are described:

• Jet mass: The mass of a jet is given by the difference between the squared sums of the
energy Ei and momenta pi of the constituents, M2 = (∑i Ei)

2 + (∑i pi)
2. In the anal-

yses described in this document three mass definitions were used for LCTopo anti-kt
R = 1.0 trimmed jets. The first one is the calorimeter mass, mcalo, is calculated using
the constituent topological clusters, which are assumed to be massless. The track mass,
mtrk, is calculated using tracks, which are assumed to have a mass of charged pions,
that are ghost-associated to the jet as constituents. mcalo provides a good resolution for
low-pT jets and mtrk provides a good resolution for high-pT jets. The two mass observ-
ables can be also combined in a third definition called combined mass, mcomb [48], as an
inverse-resolution weighted mean using the expected jet mass resolutions determined
from MC simulations. The mcomb algorithm provides a superior resolution, as shown
Figure 1.9, and was used as the standard large-R jet mass observable in ATLAS be-
tween 2016 and the end of Run-2 when new large-R jet algorithms definitions entered
at play like TCC and UFO jets.

• N-subjetiness: The N-subjettiness [215] variable, τN, describes to what degree the
substructure of a jet is compatible with the hypothesis of it consisting of N or fewer
subjets. τN is defined as:

τN =
∑i pT,i min(∆Ra1,i, ..., ∆RaN ,i)

∑i pT,i · R
, (1.10)

where the sum runs over the constituents i of the given jet J, pT,i are their transverse
momenta and ∆Rak , i is the angular distance of the constituent i to the axis of subjet k.
The discrimination of τN can be further improved with an alternative definition of the
subjet axis used in Equation 1.10 [196]. The winner-takes-all (WTA) axis uses the hardest
constituent inside the subjet k to calculate the angular separation ∆Rak , i instead of the
subjet axis. The ratio of the N-subjettiness functions found with the standard subjet
axes, τ21, and with the WTA axes, τwta

21 , can be used to generate the dimensionless
variables that have been shown (see Figure 1.10) to be particularly useful in identifying
two-body structures within jets: τ21 = τ2/τ1 and τwta

21 = τwta
2 /τwta

1 .

• Energy correlations: The 1-point, 2-point and 3-point energy correlation functions for
a jet are given by:

ECF(0, β) =1, (1.11a)

ECF(1, β) =∑
i

pTi , (1.11b)

ECF(2, β) = ∑
i<j∈J

pTi pTj

(
∆Rij

)β , (1.11c)

ECF(3, β) = ∑
i<j<k∈J

pTi pTj pTk

(
∆Rij∆Rik∆Rjk

)β , (1.11d)
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TABLE 1.1: Some of substructure variables studied in the ATLAS collaboration
in the last years.

Variable Description Reference
D2, C2 Energy correlation ratios [197]
τ21 N-subjettiness [215]
RFW

2 Fox-Wolfram moment [182]
P Planar flow [4]
a3 Angularity [15]
A Aplanarity [146]
Zcut,

√
d12 Splitting scales [57, 214]

Kt∆R kt-subjet ∆R [142]

where the angular exponent β is a free parameter that can be optimised based on the
mass of the resonance under study. Better separation of W/Z and QCD-jets was ob-
served for β = 1 in ATLAS. Two dimensionless ratios, Cβ

2 [197] and Dβ
2 [194, 195], are

defined to identify N = 2 dense cores of energies within the jet:

Cβ
2 =

ECF(3, β)ECF(1, β)

ECF(2, β)2 , (1.12a)

Dβ
2 =

ECF(3, β)ECF(1, β)3

ECF(2, β)3 . (1.12b)

Both Cβ
2 and Dβ

2 are not infrared and collinear safe unless a mass window requirement
is imposed on the jet for example around the boson mass.

• Momentum balance: The momentum balance variable
√

y12 is defined as

√
y12 =

min(pT1, pT2)

m12
∆R12 ,

is only meaningful for jets groomed with the split-filtering algorithm and calculated at
the first step of declustering where the momentum balance (and mass-drop if specified
by the algorithm) criterion is met. The momentum balance variable was used in the
all-hadronic diboson search performed at

√
s = 8 TeV for boosted boson tagging is

shown in Fig. 2.1 and described in Chapter 2.

The tagger definitions have evolved a lot in recent years. The studies you will see in
Section 2.3 are based on cuts on several substructure variables. Taggers used towards the
end of Run-2 combine the information from a small set of high-level summary quantities
using a neural network or other machine learning (ML) methods to classify jets increasing
the performance in background rejection by a factor of roughly 2-3 times [43, 87]. More re-
cent taggers go one step further and use constituent-based information as inputs rather than
high level summary substructure quantities [23]. The performance of the boson tagging al-
gorithms in actual data is not necessarily equal to their predicted performance, for example
if the jet properties are mis-modelled, so we need to apply scale factors to correct the simu-
lated efficiency to the one measured in data. In this case the physics processes usually used
for the calibration estimation are W-bosons from tt̄ or V+jets events [86].
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FIGURE 1.9: The fractional jet mass resolution vs the truth jet mass transverse
momentum, for three different mass definitions. The resolution is calculated
from LCTopo anti-kt R = 1.0 trimmed jets with fcut = 0.05 and Rsub = 0.2.
The resolutions used as input to the combined mass definition are determined
using a sample of jets produced via QCD dijet processes and generated with
Pythia 8, where truth-jet matching is applied. The observed fractional reso-
lutions in this figure are for jets from boosted W or Z bosons produced via
WZ → qqqq processes generated using Pythia 8, with matching to particle-
level W and Zs. The resolution of these boosted boson jets is expected to be

different from those determined jets produced via QCD dijet processes.

b-tagging

Algorithms aiming to identify b-jets try to exploit the distinct features of such jets. The B
hadron formed by the bottom quark has a relatively long lifetime of about 1× 10−12 s and
can travel around 3 mm before decaying. b-tagging algorithms exploit the fact that a cer-
tain number of tracks point to a secondary vertex instead of pointing to the reconstructed
primary vertices and that the impact parameters of these tracks are large. The b-tagging
procedure relies on the ID track reconstruction. Therefore it can be only applied to jets with
η < 2.5. ID tracks are required to pass some quality criteria that depend on the different
b-tagging algorithms. Three baseline algorithms are employed to optimize the b-tagging
performance in the ATLAS experiment. Each of the algorithms exploits different properties
of the expected signature of b-jets and thus provide complementary information. Algo-
rithms like IP2D and IP3D [76] exploit the large impact parameters of the tracks originating
from the b-hadron decay to determine a likelihood corresponding to the b-jet tag probabil-
ity. The Secondary Vertex Finder algorithm (SV1) [113] attempts to reconstruct an inclusive
secondary vertex. And finally JetFitter [119] aims to reconstruct the full b- to c-hadron decay
chain determining a common path between the primary vertex and the b- and c-hadrons
vertices (inside the b-jet candidate).These algorithms, first introduced during Run-1 [79],
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FIGURE 1.10: (a) N-subjettiness τ21, (b) C2 and (c) D2 distribution for the lead-
ing LCTopo anti-kt R = 1.0 trimmed jet with fcut = 0.05 and Rsub = 0.2
in W signal and multi-jet background events with a mass window require-

ment [170].

benefitted from improvements and a new tuning for Run-2 [36, 76, 77].
In the end, in order to maximise the b-tagging performance the outputs of these three al-

gorithms are combined into two multivariate discriminants, namely a boosted decision tree
(called MV2 [76, 77]) as well as a deep feed-forward neural network (called DL1 [76]). Dur-
ing the training of MV2, b-jets are set as the signal, while the background contains a mixture
of 7% c-jets and 93% light-jets. Other compositions of backgrounds have been tested as well,
but this particular mixture has been found to give the best separation between the differ-
ent flavours. The discriminant based on this training is called MV2c10 to reflect the chosen
back- ground mixture in which ‘c10’ represents the roughly 7% c-jets. The input variables to
DL1 consist of those used for the MV2 algorithm with the addition of the JetFitter c-tagging
variables dedicated properties of the secondary and tertiary vertices. One variation of the
DL1 algorithm, called DL1r, additionally adds the result of the RNNIP algorithm [44], which
is based on a recurrent neural network exploiting the correlation between the tracks’ impact
parameters.

Separate optimisations are performed for PFlow and track-jets. The MV2c10 and DL1(r)
algorithm can be used at different working points (WPs). Analysers in ATLAS may choose
to apply the b-tagging of jets at four different efficiencies, which are 60%, 70%, 77% and
85%. These percentages represent the fraction of b-jets which remain in simulated tt̄ events
after the corresponding cut on the MV2c10 or DL1(r) output value is applied. The lower the
fraction, the fewer tagged b-jets remain, but at the same time far more c-jets, light-jets or τ-
jets are rejected. Some analyses used the full tagger output information in intervals defined
by the interval boundaries 0, 60, 70, 77, 85 and 100%. MV2c10 was the default algorithm in in
ATLAS during Run-2 (see for example the VH analysis in Chapter 4). This recommendation
changed to DL1r in 2019 for legacy physics analysis using the full Run-2 dataset. DL1 has,
on average, higher light-jet rejection factors and smaller c-jet rejection factors for a given
b-jet tagging efficiency with respect to the MV2 discriminants as shown in Figure 1.11.

Between October 2019 and October 2021 I was co-responsable for the Flavour Tagging
calibration group. The main goal of this period was the derivation of the scale factor cali-
brations for newest DL1(r) recommended algorithm trained for PFlow and track jets using
the full Run-2 dataset for physics analyses [13, 60, 71, 78]. The nominal MC samples may
have a different performance from MC samples used in physics analyses, and they can not
fully describe data.Therefore, the MC-to-MC scale factors and the data-to-MC scale factors
are needed. b-jets tagging efficiency was measured using tt̄ events where both top quarks
decay leptonically, c−tagging efficiency from W → cs decay in tt̄ events and the light-jet
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FIGURE 1.11: Comparison of ROC curves for 2018 recommended versions of
MV2 and DL1, and 2019 DL1r optimization. The x-axis corresponds to the
b-jet efficiency, while the y-axis corresponds to (a) light-flavor jets rejection
(1/εu) and (b) c-jets rejection (1/εc). The performance is evaluated on track-
jets with 10 < pT < 150 GeV and |η| < 2.5, on a simulated dataset of tt̄ events.

The shaded bands represent the statistical uncertainty [44].

mistag efficiency from Z+jets events with enriched light-flavour jets. Several other alterna-
tive calibration analyses (high pT calibrations using dijet events, charm mis-tag rate calibra-
tion based on W + c events, b− jet semileptonic tt̄ calibration in boosted regime using a tag
and probe method, τ calibration, boosted H → bb̄) also progressed during this time. I also
overview the migration of the flavour tagging calibration code to release 22, in preparation
to the start of Run-3.

Boosted H → bb̄ tagging

After working in boosted W/Z tagging and with the idea of expanding the hadronically de-
caying diboson searches to topologies including Higgs(→ bb̄) bosons, I was co-responsable
of the (at the time) newly created X → bb performance subgroup between mid-2015 and
mid-2016. During that time we provided the first recommendations for tagging boosted
Higgs bosons in the first Run-2 data in ATLAS. The recommendations were based directly
on a large body of work carried out in both real and simulated data from Run-1 [38, 81], and
throughly re-evaluated and extended in simulated data at

√
s = 13 TeV and documented

in Ref [35]. Later on I focused on the first full comparison study, similar to the one per-
formed for W/Z jet tagging, that lead to the tagger recommendation used for most of the
ATLAS physics analysis in Run-2: the two b-tagged track-jet tagger, to be discussed below.
This work was documented in a conference note [17] and a paper published in 2019 which I
co-edited [41].

In ATLAS there are currently two main techniques to identify boosted Higgs-jets:

• Two b-tagged track-jet tagger: In its basic form this tagger consist in reconstructing the
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Higgs boson candidate as a large-R jet and applying b-tagging requirement to track-
jets ghost-associated [82, 135, 138] to the large-R jet in order to select candidates cor-
responding to H → bb̄ decays. The initial recommendations used track-jets built with
the anti-kt algorithm with a radius parameter of R = 0.2 [35, 38]. R = 0.2 jets have a
limited performance at high pT and therefore at the beginning of Run-2 recommenda-
tions moved to use a variable radius (VR) pT-dependent parameter, from tracks recon-
structed in the inner detector with pT > 0.5 GeV and |η| < 2.5 [122, 193]. VR track-jets
have an effective jet radius Reff proportional to the inverse of the jet pT in the jet find-
ing procedure: Reff(pT) = ρ/pT, where the ρ-parameter is set to 30 GeV. There are two
additional parameters, Rmin and Rmax, used to set the minimum and maximum cut-
offs on the jet radius, and these are set to 0.02 and 0.4, respectively. Standard b-tagging
algorithms with a dedicated training for track-jets are used, being the most popular
algorithms: MV2c10 and DL1r. As described in the previous section the performance
and calibrations are based on isolated track jets and jet flavours. More complicated
versions of this tagger were also studied by requiring the b-tagged large-R jet mass to
be around the SM Higgs boson mass of 125 GeVand a requirement on other large-R jet
substructure variables [41].

• Neural networks (NN) tagger: this description is taken from Ref. [30]. A neural net-
work (NN) is trained using the large-R jet pT and η, along with the discriminants from
the DL1r algorithm of up to three associated VR track-jets [42]. The large-R jet col-
lection used was anti-kt R = 1.0 trimmed jets with fcut = 0.05 and Rsub = 0.2 and
topological clusters with noise suppression as inputs. The X → bb̄ tagger provides
three outputs for each large-R jet, corresponding to the probabilities assessed of being
a Higgs boson (pHiggs), multijet (pmultijet) and top-quark (ptop) jet. A single discrimi-
nant, roughly corresponding to a log-likelihood ratio, is defined:

DXbb = ln
pHiggs

ftop · ptop + (1− ftop) · pmultijet
, (1.13)

where ftop determines the fraction of the top-quark background. The tagging of a
large-R jet as originating from an X → bb̄ process is therefore achieved by imposing
a selection on the DXbb discriminant. Three WPs corresponding to 50%, 60% and 70%
X → bb̄ tagger signal efficiencies with ftop = 0.25 are recommended for Run-2 analy-
ses. Figures 1.12 compares the ROC efficiency curves for the NN tagger and the two
b-tagged track-jet tagger using R = 0.2 and VR track-jets. Figure 1.13 shows the multi-
jet (left) and top (right) jet rejection as a function of large-R jet pT with a constant 60%
Higgs tagging efficiency.

During my time as co-responsable of the X → bb̄ performance subgroup we also started
exploring possible in-situ calibrations for the Higgs-tagger, instead of using the calibrations
based on isolated track jets and jet flavours. Our aim was to develop new calibration meth-
ods that took into account the full correlations between the tagger variables. In 2016 I over-
saw the first b-tagging performance and jet substructure studies using a high pT g→ bb̄ rich
sample of large-R jets [114]. Around the same time I started co-supervising Miles Wu, (at
the time) PhD student at University of Chicago (2016-2017). We explored the possibility of
using Z → bb̄ events for the tagger calibration. The calibration based on Z(→ bb̄)γ events
was first considered by ATLAS in our paper Ref. [41] and a first jet mass measurement using
the same events was documented in Ref. [61]. Later on, during my tenure as co-responsable
of the Flavour Tagging calibration subgroup, I oversaw the first set of calibration for the
H → bb̄ tagger ever, recently object of a public ATLAS note [30]. The calibration of the NN
tagger is performed according to a process-based approach, as opposed to the flavour-based
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FIGURE 1.12: (a) Multijet and (b) top jet rejection as a function of the H →
bb̄ tagging efficiency, for large-R (R=1.0) jet pT > 500 GeV. Performance of
the DXbb algorithm is compared to DL1r and to two variants of MV2, one
evaluated on variable-radius (VR) jets, the other on fixed-radius (FR, R = 0.2)

jets [42].
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FIGURE 1.13: (a) Multijet and (b) top jet rejection as a function of large-R
jet pT with a constant 60% Higgs tagging efficiency. Error bars correspond
to the statistical uncertainty. Fixed-radius track-jets with R = 0.2 begin to
lose discriminating power when pT > 800 GeV, since subjets begin to merge
and resolving two independent b-jets becomes difficult. Variable-radius track-
jets, by contrast, can resolve multiple subjets in boosted objects with pT > 1

TeV. [42].
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approach typically pursued in the calibration of track-jets. Thus, the signal efficiency cali-
bration is performed with Z(→ bb̄)γ and Z(→ bb̄)+jets events at high Z-boson transverse
momentum and the mistagged efficiency is studied for the top and multijet (g → bb̄) pro-
cesses. I worked actively in the Z(→ bb̄)+jets calibration, together with Yajun He, a PhD
student at LPNHE who I co-supervise since 2019. More details in Chapter 4.

1.5 Chapter summary and outlook

A better understanding of our detectors is essential to achieve the precision measurements
and searches that are part of the LHC research program and this is only achievable through
detector performance work. If we follow the evolution of the last years then we can expect
huge performance improvements in the years to come, in particular in the jets and QCD
sector, thanks to increased statistics, exploration of new physics processed for objects cali-
bration and of more advanced techniques in the machine learning-world. These improve-
ments will only be achieved thanks to the continuous commitment and expertise developed
by our scientists in detector performance activities. Visibility and recognition for this work
are fundamental.
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Chapter 2

Searching for diboson resonances in
Run-1

The substantial dataset of the LHC proton-proton (pp) collisions at
√

s = 8 TeV collected by
the ATLAS experiment towards the end of Run-1 provided a distinct opportunity to search
for new heavy resonances at the TeV mass scale. This chapter presents the results of a search
for narrow diboson resonances (WW, WZ and ZZ) decaying to fully hadronic final states
using a dataset of 20.3/fb at

√
s = 8 TeV. Section 2.1 is largely based on Refs. [99] and [170].

The analysis suffers from the enormous background of SM QCD dijet production. Fur-
ther contributions from SM processes, all of which are much smaller in magnitude at high
pT, are W/Z+jets, diboson, top-quark pair and single-top production. The dominant QCD
background was significantly suppressed by reconstructing the decay products of each vec-
tor boson as one single large-R jet and then applying the grooming and tagging techniques
based on jet mass and substructure properties. The signature of the decay of a new heavy
particle is thus a narrow resonant structure on top of the smoothly falling invariant dijet
mass spectrum of the background processes. The largest deviation from a smoothly falling
background in the observed dijet invariant mass distribution occurs around 2 TeV in the
WZ channel, with a global significance of 2.5 standard deviations. Excesses like have been
observed in other diboson analyses by CMS too using the 2012 dataset [161]. These results
attracted interest in the community at that point of time and set high expectations on the
Run-2 analysis. This is why I spent a significant amount of time in the optimisation of the jet
boson tagging optimisation in 2014 as described in Section 2.3. Section 2.3 is largely based
on Refs. [40] and [39].

I joined the Run-1 search for hadronically decaying diboson resonances analysis at the
end of 2013 during my postdoc at University of Geneva. I was involved in this analysis as
one of the main analysers and as the co-supervisor of (at a time) a PhD student in University
of Geneva, Chris Delitzsch. Among the contributions to the analysis one could mention the
calibration of the large-R jets, its corresponding uncertainties and detailed investigations of
the excess of events in the 2012 data, including but not limited to pile-up dependency, data-
taking stability, calorimeter energy distributions and calorimeter punch-through studies.

2.1 Hadronically decaying diboson resonance search at 8 TeV

2.1.1 Theoretical and experimental context

The SM of particle physics predicts the experimental observations over a broad range with
remarkable success. Nonetheless, several experimental observations cannot be explained by
the SM and open questions remain:

• Why is the Higgs boson so light? Related with the so-called naturalness problem.

• What is the origin of the matter-antimatter asymmetry?
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• Why 3 fermion families? Why do neutral leptons, charged leptons and quarks behave
differently?

• What is the origin of neutrino’s mass and oscillations?

• What is the composition of dark matter?

• What is the cause of the Universe’s accelerated expansion?

This require an extension of the theoretical framework. Several extensions have been
proposed in the last years but so far none of them have managed to cover and/or solve
all the limitations of the SM. Those theories are known as Beyond-the-SM (BSM) theories
and their verification/refutation is one of the goals of the LHC physics program. Dibosons
are standard topologies when looking for new physics, since they are linked to the elec-
troweak symmetry breaking mechanism. Diboson resonances are predicted by different
BSM theories such as technicolour [7, 144, 174], warped extra dimensions [209, 210], and
Grand Unified Theories [183, 184]. To assess the sensitivity of the search presented in this
chapter to BSM effects, to optimise the event selection, and for comparison with data, two
specific benchmark models were used: an extended gauge model (EGM) W ′ → WZ where
the spin-1 W ′ gauge boson has a modified coupling to the SM W and Z bosons [5], and a
spin-2 graviton, GRS → WW or ZZ, a Kaluza–Klein mode of the bulk Randall-Sundrum
(RS) graviton [209].

Up to 2012 previous searches were mostly performed in the fully leptonic or semilep-
tonic decay modes because leptons are well-understood objects and provide clean signa-
tures. However the development of boosted boson tagging techniques, introduced in Sec-
tion 1.4.5, opened the possibility to exploit the fully hadronic diboson modes as well. The
fully hadronic mode has a higher branching fraction than leptonic and semileptonic decay
modes, and is therefore used to extend the reach of the search to the highest possible reso-
nance masses.

The panorama of diboson resonances searches at LHC at the time of this analysis is sum-
marised in the following. The ATLAS Collaboration had explored the WW/WZ → `νjj
final state [107] using 4.7 fb−1 of pp collisions at

√
s = 7 TeV. For the extended gauge model

W ′ boson, masses below 950 GeV could be excluded at 95% confidence level, exceeding the
limits from the Tevatron collider at Fermilab [129, 207]. For the bulk RS graviton masses
below 710 GeV were excluded. Regarding

√
s = 8 TeV analyses, using the ``qb̄ final state,

the ATLAS collaboration has excluded at 95% CL a bulk GRS → ZZ with mass below 740
GeV [105]. For narrow resonances decaying exclusively to WZ or WW, the sensitivity of the
ATLAS search in the `νqq̄ channel [102] is comparable to that of the search presented here in
the mass range from 1.3 to 2.5 TeV. That search has also excluded a bulk GRS → WW with
mass below 760 GeV.

The CMS Collaboration searched for VZ resonances using the
√

s = 7 TeV dataset [157]
where the Z boson decays into lepton pairs and the V into two overlapping jets and for the
first time as well as for the fully hadronic decay of VV resonances [158]. For the semilep-
tonic search, W ′ masses between 700 and 940 GeV as well as graviton masses between 750
and 880 GeV were excluded assuming k/M̄Pl = 0.05 (the strength of the coupling depends
on k/M̄Pl where k corresponds to the curvature of the warped extra dimension and M̄Pl
is the four-dimensional Planck scale). The fully hadronic search however was only sensi-
tive to set upper limits on the production cross-section times branching ratio. Using the√

s = 8 TeV dataset CMS performed a search for diboson resonances with the fully hadronic
final state [160] of comparable sensitivity to the one presented in this Chapter. In this search,
the EGM W ′ → WZ with masses below 1.7 TeV and GRS of the original RS model decaying
to WW with masses below 1.2 TeV are excluded at 95% confidence level (CL). The CMS col-
laboration has also published upper limits on the production of generic diboson resonances



2.1. Hadronically decaying diboson resonance search at 8 TeV 27

using semileptonic final states [159, 161]. The largest deviation from the background model
was found in the GRS →WW selection at a mass of 1.9 TeV with a local significance of 1.3.

2.1.2 Monte Carlo simulation and data

This search was performed using the dataset collected in 2012 from 8 TeV LHC pp collisions
using a single-jet trigger with a nominal pT threshold of 360 GeV. The integrated luminosity
of this dataset after requiring good beam and detector conditions is 20.3/fb, with a relative
uncertainty of ±2.8% [46].

W ′ →WZ → qqqq signal events, predicted in an extended gauge model (EGM) are gen-
erated with PYTHIA8 [213] using the MSTW2008 [202] PDFs and the AU2 [115] underlying
event tune. The Randall–Sundrum graviton signal samples are generated in Run-1 with
CALCHEP [126] using the CTEQ6L1 [205] parton distribution functions and PYTHIA8 for
the simulation of the hadronisation and the parton shower. The RS model is characterised
by k/M̄Pl = 1.0 and the graviton can either decay into WW or ZZ whereupon only the
hadronic vector boson decay is simulated. The signal samples are generated with different
W ′/GRS masses, covering the range 1.3 < mW ′ < 3.0 TeV in 100 GeV intervals.

The QCD dijet background events are produced with PYTHIA8 and the CT10 parton
distribution functions. The final-state particles produced by the generators are propagated
through a detailed detector simulation [117] based on GEANT4 [2]. The expected contribu-
tion from additional pp interactions is accounted for by overlaying minimum-bias events on
the events of interest. These additional events are generated with PYTHIA8 and the A2 tune.
The distribution of the average number of pp interactions per bunch crossing in MC simula-
tion was adjusted to the distribution in data, with an average of 20.7. Simulated events are
then reconstructed with the same algorithms run on collision data.

2.1.3 Object and event selection

Jets are reconstructed with the C/A algorithm using a radius parameter of R = 1.2 from
calorimer-only information. To remove contamination from pile-up and the underlying
event, the split-filtering algorithm as described in Section 1.4.3 is used with the parame-
ters
√

ycut = 0.2 and µmax = 1.0. In the filtering stage, the jet constituents at the last step
of de-clustering procedure are reclustered using a fixed subjet radius size of Rsub = 0.3 and
only the three highest-pT subjets are kept. The energy and mass of the large-R jets are then
calibrated following the procedure described in Section 1.4.4.

Events are required to pass the single high-pT jet trigger, introduced in the previous
section, and to have a primary vertex with at least two tracks with pT > 500 MeV. Events
are removed if any muon (loose quality, pT > 20 GeV and |η| < 2.5) or electron (medium
quality, pT > 20 GeV and |η| < 2.47 excluding the transition region between the barrel
and endcaps in the LAr calorimeter) is present or if Emiss

T ≥ 350 GeV, ensuring that this
analysis has no events in common with other diboson search analyses [102, 105]. Two large-
R groomed jets with pT > 200 GeV and |η| < 2.0 are required. The η cut ensures sufficient
overlap with the ID, since associated charged-particle tracks are used in the boson tagging
requirements and for estimating systematic uncertainties. To select only events in the region
where the trigger is 99.9% efficient, the leading-pT jet is required to fulfil pT > 540 GeV. To
avoid distortions of the invariant mass spectrum of the two leading jets (mJ J) due to the pT
requirements, only events with mJ J > 1050 GeV are selected.

Then two topology cuts, optimised for the signal samples with masses 1.2, 2.0 and
3.0 TeV, are applied:

• The rapidity difference between the two leading jets is required to be |∆y12| = |y2 −
y1| < 1.2. This rapidity difference is smaller for s-channel processes such as the W ′
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FIGURE 2.1: Comparison of the boson-tagging variables used in the 8 TeV
diboson analysis for signal jets and QCD dijet background: (a) subjet momen-
tum balance

√
y12, (b) number of tracks matched to the jet ntrk and (c) jet mass.

The signal and background distributions are normalised to unit area, and the
last bin of each histogram includes the fraction of events falling outside of the

displayed range [99].

and GRS signal models than for the t-channel processes dominating the QCD dijet
background.

• The pT asymmetry between the two leading jets is required to be A =
pT,1−pT,2
pT,1+pT,2

, where
pT,1 < 0.15. It is used to reject events where one of the jets is poorly measured or does
not come from the primary pp collision, since for the two-body decay of a resonance,
the decay products are expected to be balanced in momentum.

The two leading pT jets each must satisfy the following boson tagging requirements:

• A more stringent momentum balance criterion is applied,
√

y12 > 0.45, since jets in
QCD dijet events that survive grooming tend to have unbalanced subjet momenta
characteristic of soft gluon radiation.

• The number of charged-particle tracks associated with the original, ungroomed jet
is required to be small, ntrk < 30. Due to the larger colour factor of gluons (CA =
3) compared to quarks (CF = 4/3), a larger number of particles is produced in the
fragmentation of a gluon.

• A selection window is applied to the invariant mass of the filtered jet, mJ , since this
quantity is expected to be small for jets in QCD dijet events and to reflect the bo-
son mass for jets from hadronic boson decays. Only jets within a 26 GeV wide mass
window, centred around the peak of the W-jet and Z-jet mass distribution in MC sim-
ulation, are selected. The peaks of the W-jet and Z-jet mass distributions correspond
to 82.4 GeV and 91.8 GeV, respectively.

The
√

y12, ntrk and jet mass distribution for signal and background events is shown in
Figure 2.1. Finally, the invariant mass calculated from the two leading jets must exceed 1.05
TeV. Figure 2.2 shows the selection efficiency of the event topology requirements for signal
events with resonance mass within 10% of the nominal signal mass for the W ′ → WZ,
bulk GRS → WW and bulk GRS → ZZ benchmark models, with statistical and systematic
uncertainties indicated by the width of the bands in the figure.

The efficiency of the ntrk requirement was corrected by a scale factor derived from data
since the variable is not well modeled in MC. A scale factor of 0.90± 0.08 was derived from
the ratio of the selection efficiency of this cut in a data control region enriched with W/Z+jets
events, where a high-pT W or Z boson decays hadronically, to the selection efficiency of this
cut in simulation.



2.1. Hadronically decaying diboson resonance search at 8 TeV 29

Resonance Mass [TeV]
1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3

S
el

ec
tio

n 
ef

fic
ie

nc
y

0.5

0.6

0.7

0.8

0.9

1

1.1
ATLAS              Simulation

 = 8 TeVs  WZ→EGM W'

 WW→ RSbulk G

 ZZ→ RSbulk G

Event topology requirements

(a)

Resonance Mass [TeV]
1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3

S
el

ec
tio

n 
ef

fic
ie

nc
y

0

0.05

0.1

0.15

0.2

0.25

0.3
ATLAS              Simulation

 = 8 TeVs  WZ→EGM W'

 WW→ RSbulk G

 ZZ→ RSbulk G

(b)

FIGURE 2.2: Signal selection efficiencies as a function of the resonance mass
for the W ′ → WZ and the bulk graviton models GRS → WW, ZZ after requir-
ing (a) the event topology selection only and (b) after the WZ, WW and ZZ

boson tagging selections are also applied [99].

2.1.4 Background estimation

The background in the analysis is not estimated from MC simulation but rather from the
data using a parametric function to avoid statistical limitations and mismodelling of the
background MC samples especially in the high mass region. The background for this search
is largely dominated by QCD dijet events and the contributions from other SM processes
such as diboson production, W/Z+jets and tt̄ events are either small or negligible and not
expected to distort the shape of the background distribution. The shape of the background
is determined by performing a maximum-likelhood fit to the observed invariant mass mJ J
spectrum using the following empirically characterised by the function:

dn
dx

= p1(1− x)p2+ξ p3 xp3 , x = mJ J/
√

s , (2.1)

where p1 is a normalisation factor, p2 and p3 are dimensionless shape parameters and ξ
is a dimensionless constant chosen after fitting to minimise the correlations between p2 and
p3. To estimate the background, the fit is performed in the range 1.05 < mJ J < 3.55 TeV,
where the lower limit is dictated by the point where the trigger is fully efficient for tagged
jets and the upper limit is set to be in a region where the data and the background estimated
by the fit are well below one event per bin for the tagged distributions.

The background functional form was tested for compatibility to describe distributions
with similar characteristics: the invariant dijet mass in MC generated QCD dijet events for
different MC generators ( PYTHIA8, HERWIG++) before and after boosted boson tagging re-
quirements, also in collision data events in a phase-space close to the signal region like at dif-
ferent boosted boson tagging stages, and in otherwise tagged events where both the leading
and subleading jet have masses falling below the boson-tagging mass windows. The dijet
mass distribution of the simulated background and of each of these background-dominated
selections are well-described by the functional form in eq. 2.1. Further studies were per-
formed to determine if the background determination could be significantly improved by
adding additional degrees of freedom to the functional from. The goodness of fit for the
different functional forms was tested as a function of the collected data sample size with a
log-likelihood ratio statistics employing Wilk’s theorem [218]. These studies showed that no
additional degrees of freedom were necessary for the luminosity studied in this version of
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the analysis.

2.1.5 Results

Background fit to data

Figure 2.3 shows the fitted dijet mass distribution of events passing the WW, ZZ, WZ and
also the combined three tagging selections using the fitting procedure described in Sec-
tion 2.1.4. The size of the shaded band reflects the uncertainties on the fit parameters prop-
agated to show the uncertainty on the expectation from the fit. These uncertainties were
probed to cover differences due to the use of alternative families of parametrisations, and
by considering signal plus background fits of the chosen function to simulations of the dom-
inant background as well as sidebands and control regions of data in which a signal contri-
bution is expected to be negligible. The total number events observed was 425, 333 and 604
in the WW, ZZ and WZ signal region, respectively. Due to the large-R jet mass resolution
and therefore the size of the chosen mass window around the W boson and Z boson mass,
the three signal regions are not orthogonal and thus about 20% of the selected events are
shared among all three signal regions. The fraction of events selected by both the WZ and
WW selection are 49% whereas 43% of the events are common to the WZ and ZZ selection.

The mJ J distribution is well described by the background model except for a few bins
around 2 TeV. The compatibility of the data with the background model was tested in terms
of the local p0 value, shown in Figure 2.4 for the three signal regions. The largest discrep-
ancy was observed in the WZ signal region with a local significance of 3.4σ and a global
significance of 2.5σ (taking into account that the three signal regions are not independent).

Additional cross-checks

Several cross-checks were performed to ensure that the excess of events observed around
mJ J = 2 TeV was not caused by a bias in the reconstruction techniques or event selection
used. Some of these cross-checks will be summarised here. The events were not accumu-
lated in a particular region in the detector, as shown in Figure 2.5. Furthermore, no depen-
dence on the number of primary vertices, the average number of interactions or the data
taking period was observed. Event displays for each one of the events with mJ J close to
2 TeV were produced and analysed, no obvious biased was found. Figure 2.6 show two of
those events.

Another test was to study the mJ J spectra when varying the different signal regions by
removing one of the boson tagging requirements as shown in Figure 2.7 for the WZ signal
region case. Only the combination of the mass window and the momentum balance cut
results in the excess of events around 2 TeV. On the other hand, when only one boson tagging
criterion is applied at a time, each of the mJ J spectra is a smoothly falling distribution (see
also Figure 2.7).

The choice of jet reconstruction and grooming algorithm was considered as one possible
source of distortion in the invariant mass spectrum. Unfortunately at the time of the anal-
ysis no other algorithms were studied in depth, optimized and calibrated. After the Run-1
analysis finished, a full optimisation study for boosted boson tagging was performed (more
details in next Section 2.3), yielding as recommended algorithm the LCTopo anti-kt R = 1.0
trimmed jets with fcut = 0.05 and Rsub = 0.2. Dedicated energy and mass calibrations were
derived for this algorithm at

√
s = 8 TeV to be able to re-analyse the 2012 data. Figure 2.8

shows the mJ J distributions for the WW, ZZ and WZ regions using the Run-2 algorithm.
Two things can be noted, the background rejection is higher and a slight excess of events
can be observed for the WZ and ZZ selection but with a much smaller significance.
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FIGURE 2.3: Background-only fit to the invariant dijet mass (mJ J) distribution
in
√

s = 8 TeV data for boson-tagged jets in the three different signal regions:
(a) WZ, (b) WW, (c) ZZ and (d) for events passing any of the three tagging
selections. The significance shown in the inset for each bin is the difference
between the data and the fit in units of the uncertainty on this difference. The
significance with respect to the maximum-likelihood expectation is displayed
in red, and the significance when taking the uncertainties on the fit parame-
ters into account is shown in blue. The spectra in the three signal regions are
compared to the signals expected for an W ′ with mW ′ = 1.5, 2.0 or 2.5 TeV in
the WZ signal region and a RS graviton with mGRS = 1.5 or 2.0 TeV in the WW

and ZZ signal region [99].
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FIGURE 2.5: η distribution of the (a) leading and (b) subleading jet as a func-
tion of the invariant dijet mass in a region in

√
s = 8 TeV data covering the

three signal regions [170].
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FIGURE 2.6: (a) Event Display of Event 36414089 in Run 207749, which is se-
lected by the WZ selection. The dijet invariant mass mJ J is 2.26 TeV, the lead-
ing jet pT = 1.1 TeV and mj = 104 GeV, and the subleading jet has pT = 1.1
TeV and mj = 71 GeV. (b) Jet display for Event 75855145 in Run 201489. The
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tracks not associated with the event primary vertex, the black crosses repre-
sent tracks associated with the event primary vertex, and the gray areas are the
reclustered jets kept after the filtering algorithm. pT,1 = 828.4 GeV; η1 = 1.1 ;
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FIGURE 2.7: Observed mJ J spectra when varying the WZ boson tagging se-
lection by removing requirements. In (a), the spectrum with no tagging and
the spectrum with the full WZ selection are compared to spectra with just one
boson tagging requirement applied to each jet. In (b), the effect of applying all

tagging requirements except one is displayed [170].
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FIGURE 2.9: Upper limits at 95% CL on the cross-section times branching
ratio of the (a) EGM W ′ model in the WZ signal region and the RS graviton
model in the (b) WW and (c) ZZ signal regions. The green and yellow bands
represent the 1σ and 2σ interval of the expected limit, respectively and the red

line displays the predicted cross-section of the considered models [99].

Exclusion limits on new diboson resonances

In the absence of a significant deviation from the background-only hypothesis, quantified
in terms of the local p0 value, upper limits on the production cross-section times branching
ratio of the different benchmark models can be set using the CLs method [211] as a function
of the resonance mass using the EGM W ′ as a benchmark for the WZ selection, and the
bulk GRS model for the WW and ZZ selections. More detailed information on the statistical
analysis can be found in Ref. [99]. Figure 2.9 shows the observed 95% CL upper limits on the
cross section times branching ratio. A W ′ with EGM couplings and mass between 1.3 and
1.5 TeV is excluded at 95% CL. The cross section times branching ratio for excited graviton
production with the model parameters mentioned in Section 2.1.2 is too low to be excluded
with the sensitivity of this measurement. The biggest systematic uncertainties in the analysis
correspond to the efficiency of the track-multiplicity cut, the jet mass scale and resolution as
well as the parton shower modelling.

2.2 Combination with Other Diboson Resonance Searches at 8 TeV

To improve the sensitivity to new diboson resonances, a combination of the different ATLAS
diboson resonance searches performed in ATLAS using the full 2012 dataset, corresponding
to an integrated luminosity of 20.3 fb−1, was performed [21]. Four different analysis were
combined: the `ν`′`′ [110], ``qq [106], `νqq [103] (` = e, µ) and the fully hadronic final
state presented in this Chapter [100]. The signal regions were completely decoupled as the
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FIGURE 2.10: The expected and observed upper limits on the cross-section
times branching ratio of the RS graviton model at 95% CL for the individual
``qq, `νqq and qqqq channels and their combination (left), and the comparison
of the theory prediction to the 95% CL upper cross-section limits of the com-
bined search (right). The green and yellow bands on the right represent the 1σ
and 2σ interval of the expected limit, respectively and the blue line displays

the predicted cross-section of the graviton model [21].

event selections were fully orthogonal. The semileptonic diboson channels define different
signal regions with optimised selection criteria, referred to as low-pT resolved/low mass
(hadronic vector boson reconstructed two jets with R = 0.4) and high-pT boosted/high mass
(using a large-R jet to reconstruct the hadronic vector boson). The fully leptonic final state
is only sensitive to low resonance masses whereas the semi-leptonic searches also improve
the sensitivity to diboson resonances with high masses (mJ J > 1 TeV) thanks to the boosted
signal region included.

Figure 2.10 shows the observed 95% CL upper limits on the cross section times branching
ratio for the individual channels as well as the combined diboson resonance search for the
two benchmark signals used in Run-1. A W ′ with EGM couplings and mass below 1.8 is
excluded at 95% CL, with an expected limit of 1.8 TeV. A graviton with k/M̄Pl = 1.0 and
mass below 810 GeV is also excluded, where a lower limit of 790 GeV was expected. The
combination thus exceeds the lower mass limit of the most stringent individual analysis in
the `νqq final state by 50 GeV for W ′ and 0.22 TeV for the graviton.

As mentioned in Section 2.1.1 CMS also performed similar searches using the Run-1
dataset with comparable sensitivity to the ATLAS analyses, some of them included also
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diboson topologies with a Higgs boson decaying to two b-quarks. CMS analyses used a
different boosted boson tagging strategy: C/A jets with R = 0.8, pruned and a requirement
on the N-subjettiness variable τ21. Figure 2.12 compares the results obtained in different final
states. The limits of the different searches are marginally correlated and they used a different
signal benchmark, a heavy vector triplet (HVT) based on a simplified phenomenological
Lagrangian [206].
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2.3 Preparation for Run-2: a more performant boosted W/Z boson
tagger

2.3.1 Boosted boson identifications at
√

s = 8 TeV

At the time of the analysis described earlier in this Chapter a proper optimisation and com-
parison study was not available for boosted boson identification. Such study took place be-
tween 2014 and beginning of 2015 for

√
s = 8 TeV and was documented in Ref. [40], where

more details can be found. This section briefly summarises that effort. A two-stage MC-
based optimisation procedure was carried out to pair requirements on the signal groomed
jet mass and substructure variables, providing a 50% efficiency for identifying W bosons
with transverse momenta larger than 200 GeV while maintaining the multijet background
efficiencies of 2-4% for jets with the same transverse momentum. Afterwards, these sig-
nal and background efficiencies were confirmed in data for a chosen selection of tagging
techniques. Only the optimisation of W boson identification has been studied, however the
techniques can be applied as well to identify Z bosons.

In the first step of the MC-based optimisation, 27 jet collections were selected out of more
than 500 configurations on the pruning, trimming and split-filtering techniques. A config-
uration is defined by a jet reconstruction algorithm, the radius parameter R, the grooming
technique and the chosen parameters of the grooming algorithm. The selection was based
in two criteria: (i) low background efficiency within a mass window, containing 68% of the
signal events, defined around the W boson mass and (ii) low pile-up impact based on the
correlation between average jet mass and number of primary vertices. Studies were per-
formed in three jet pT bins: [200, 350), [350, 500) and [500, 1000) GeV. Jet configurations
for which the 68% window does not contain the W boson mass, the signal mass distribu-
tion is strongly non-Gaussian or the background mass distribution has an irregular shape
were not considered. These configurations would indicate that the W boson decay is not
fully contained within the large-R jet and/or make it impossible to derive a jet mass calibra-
tion. In general, the performances of the best few configurations of trimming, pruning and
split-filtering are similar at the defined 68% working point. It was also observed that the
average masses of jets with larger radii have a more pronounced pileup dependence, and
the trimmed jet mass has a weaker pileup dependence than that obtained with the pruning
and split-filtering algorithms. For all jet algorithms, the pileup dependence is much reduced
for groomed jets.

In the second stage, for the 27 jet collections selected, different substructure variables
were investigated within the mass window containing 68% of the signal around the W bo-
son mass and two different signal efficiency working points (50% and 25%) were defined.
26 different substructure variables have been studied in combination with the 27 grooming
configurations to find the pairwise combinations that result in the smallest background effi-
ciency for the two defined working points. Figure 2.13 shows the inverse of the background
efficiencies for the 50% efficiency working point for the range 350 < pT < 500 GeV.

Based on this initial MC-based optimisation 4 jet configurations with three different
substructure variables, C2, D2 and τwta

21 , were found to be particularly good in identifying
boosted hadronically decaying W bosons in all pT ranges considered in the studies:

• anti-kt R = 1.0 trimmed jets with fcut = 5%, Rsub = 0.2,

• anti-kt R = 1.0 trimmed jets with fcut = 5%, Rsub = 0.3,

• C/A R = 1.0 pruned jets with Zcut = 0.15, Rcut = 0.5,

• C/A R = 1.2 split-filtered jet with ycut = 0.15, Rsub = 0.3.
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FIGURE 2.13: Background rejection corresponding to a signal efficiency of
50% for all possible combinations between the 27 grooming configurations
and 26 substructure variables, after applying the uncalibrated groomed mass
window requirement that provides a 68% signal efficiency. Jets with 350 <
pTruth

T < 500 GeV are considered. The error shown are the result of the finite
Monte Carlo sample size [40].
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FIGURE 2.14: W boson tagging efficiency versus background rejection for jets
with (a) 200 < pT < 250 GeV (b) 250 < pT < 350 GeV and (c) 350 < pT <
500 GeV for C2, D2 and τwta

21 after applying the 68% signal efficiency mass
window [40]. The curves are obtained using MC simulation and compared to
the 50% and 25% signal efficiency working point measurements in data using

a lepton-plus-jet enriched tt̄ sample and multi-jet events.

Since the first jet collection in the list was also found to be the only one of the four
with negligible pileup dependence across all pT ranges for the Run-1 data taking condi-
tions, it was used in combination with the three substructure variables (C2, D2 and τwta

21 ) as
a benchmark to measure the performance in data and to compare it to the predictions from
MC simulations using the 20.3/fb of 8 TeV pp collisions recorded by ATLAS at the LHC
in 2012. The W-tagging efficiency was measured using hadronically decaying W bosons
are reconstructed from an enriched sample of top anti-top quark pair events in the lepton-
plus-jets channel in data and in MC provided by Powheg-BOX + Pythia and MC@NLO +
Herwig. The background efficiency is measured in multijet-enriched data and in Pythia and
Herwig++ simulations. Details about the MC samples and selection used can be found in
Ref. [40]. At this stage the jet mass and energy calibrations have been derived and applied,
as described in Section 1.4.4.

The results of the signal efficiency versus background rejection curves in MC are shown
in Figure 2.14. The data measurements are also shown for two efficiency working points, i.e.
εW = 50% and 25%, defined by a combination of the 68% mass window requirements and a
single-sided substructure variable cut. The signal efficiency was only measured in the range
200 < pT < 500 GeV due to the lack of produced top quark pairs in data at high-pT. The
signal efficiency measured is not exactly 50% and 25% because the working points are calcu-
lated using W-jets from W ′ →WZ → qqll where Ws are exclusively longitudinal polarised,
and are measured in tt̄ events where Ws have a longitudinal as well as transverse polari-
sation. Globally, the D2 variable outperfoms C2 and τwta

21 and gives the largest background
rejection for a fixed signal efficiency. In general the MC predictions show a good agreement
within the uncertainties with the data measurements of signal efficiencies. In some config-
urations, significant differences are observed in both the signal and background efficiencies
highlighting the potential for data measurements such as these to be used for tuning MC
simulations.

This jet collection, anti-kt R = 1.0 trimmed jets with fcut = 5% and Rsub = 0.2, together
with a selection on the jet mass and the D2 variable was chosen as benchmark for further
measurements in 8 TeV collision data.
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2.3.2 Boosted boson identifications at
√

s = 13 TeV

The preliminary conclusions of the Run 1 studies summarised in Section 2.3.1 provided
a subset of jet grooming algorithm configurations and substructure variables found to be
efficient at identifying W-jets (from both exotic high-mass resonances and Standard Model
tt̄ production) whilst rejecting multijet and combinatorial backgrounds. The advent of Run-
2 in 2015 required a similar optimization study taking into account the higher boost and
higher pile-up conditions expected in 13 TeV data. Such study took place in 2015 and was
documented in Ref. [39]. I was the contact physicist leading this effort and one of the editors
of the public ATLAS note.

Jets groomed using each of the four configurations deemed promising based on previous
studies, and three substructure variables (C2, D2, τwta

21 ) were studied:

R2: anti-kt R = 1.0 trimmed jets with fcut = 5%, Rsub = 0.2. Benchmark jet collection from
Run-1 optimisation studies [40].

P515: C/A R = 1.0 pruned jets with Zcut = 0.15, Rcut = 0.5. This pruning configuration was
found to be particularly good for tagging W-jets in the pT 500 GeV region. It is similar
to the algorithm favoured by CMS in Run 1 [150], using the same distance requirement
of Rcut and a slightly harder momentum requirement Zcut = 0.15 as opposed to the
Zcut = 0.10 favoured by CMS who also prefer an initial radius of R = 0.8.

Y15: C/A R = 1.2 split-filtered jets with ycut = 0.15, Rsub = 0.3. The best-performing
flavour of split-filtering from the extensive Run 1 studies [40] uses a relatively hard
momentum balance cut of ycut = 0.15 (compared to the 0.09 benchmark from Ref. [134]
) and a fixed subjet radius Rsub = 0.3.

Y4: C/A R = 1.2 split-filtered jets with ycut = 0.04, Rsub = 0.3. This split-filtering configu-
ration was optimised specifically for the Run 1 search for hadronically decaying exotic
diboson resonances described earlier in this Chapter [99].

Figure 2.15 shows the jet mass pile-up dependence for the four grooming configurations
studied. It is possible to remove approximately all pileup effects using the R2 algorithm,
with Y15 also performing very well. These observations applied to all the pT ranges studied
here.

The Run-2 optimisation study closely followed the strategy in the Run-1 optimisation
study: the smallest mass window that contains 68% of the signal events is calculated and
then a 50% and a 25% signal efficiency working points are defined by combining the 68%
mass window and a single-sided cut on the C2, D2 and τwta

21 substructure variables. Contrary
to the Run-1 optimisation study, both the identification of W and Z bosons were optimised
and a larger pT spectra was studied: 200 < pT < 2000 GeV. The background rejection factors
for the 50% signal efficiency working point are shown in Figure 2.16 separately for W and Z
boson tagging for a low and a high-pT bin. In the lower pT range the mass-only requirement
yields higher background rejection power for Z-jets than for W-jets. This is a result of the
Z boson mass being higher and therefore better separated from the multijet background.
Conversely, all of the pairwise combinations result in higher background rejection power
for W-jets than for Z-jets. This behaviour is coming from the observed broader Z-jet mass
distribution rather than from differences in the distributions of the substructure variables.
There are a few combinations that perform particularly well in terms of background rejec-
tion, namely P515 and R2 with C2 and D2. Taking into account that the pruned jet mass
exhibit a non-negligible pile-up dependence at low-pT, the R2 D2 combination was chosen
as the best option for a baseline Run 2 boson tagger.



42 Chapter 2. Searching for diboson resonances in Run-1

vtx Number of reconstructed vertices N

5 10 15 20 25 30 35

M
ea

n 
je

t m
as

s 
[G

eV
]

0

50

100

150

200

250

300

350

400

450

 < 350 GeVTruth

T
200 < p

W-jets Multijets

 < 2000 GeVTruth

T
1500 < p

W-jets Multijets

ATLAS Simulation Preliminary
 R = 1.0 jetstanti-k

 = 0.2)
sub

 = 5%, R
cut

Trimmed (f

 | < 2.0Truthη| 
 = 13 TeVs

(a)

vtx Number of reconstructed vertices N

5 10 15 20 25 30 35

M
ea

n 
je

t m
as

s 
[G

eV
]

0

50

100

150

200

250

300

350

400

450

 < 350 GeVTruth

T
200 < p

W-jets Multijets

 < 2000 GeVTruth

T
1500 < p

W-jets Multijets

ATLAS Simulation Preliminary
C/A R = 1.0 jets

 = 15%)
cut

 = 0.5, z
cut

Pruned (R

 | < 2.0Truthη| 
 = 13 TeVs

(b)

vtx Number of reconstructed vertices N

5 10 15 20 25 30 35

M
ea

n 
je

t m
as

s 
[G

eV
]

0

50

100

150

200

250

300

350

400

450

 < 350 GeVTruth

T
200 < p

W-jets Multijets

 < 2000 GeVTruth

T
1500 < p

W-jets Multijets

ATLAS Simulation Preliminary
C/A R = 1.2 jets

 = 15%)
filt

 = 1.0, yµSplit-filtered (

 | < 2.0Truthη| 
 = 13 TeVs

(c)

vtx Number of reconstructed vertices N

5 10 15 20 25 30 35

M
ea

n 
je

t m
as

s 
[G

eV
]

0

50

100

150

200

250

300

350

400

450

 < 350 GeVTruth

T
200 < p

W-jets Multijets

 < 2000 GeVTruth

T
1500 < p

W-jets Multijets

ATLAS Simulation Preliminary
C/A R = 1.2 jets

 = 4%)
filt

 = 1.0, yµSplit-filtered (

 | < 2.0Truthη| 
 = 13 TeVs

(d)

FIGURE 2.15: The pile-up dependence of the mean jet mass 〈M〉 for groomed
signal W-jets (blue circles) and background jet (red squares) for two pT ranges.
The performance of the groomers in terms of removing the NPV-dependence
for Z-jets is very similar to that for W-jets, so is not shown here for clarity [39].
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FIGURE 2.16: Matrix showing the background rejection achievable when tag-
ging W-jets and Z-jets with εG&T

W/Z = 50% with each pairwise combination of
variables and for mass-only, for the four algorithm configurations in the range

200 < pT < 350GeV and 1500 < pT < 2000GeV [39].
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FIGURE 2.17: (a) Signal efficiency for W-jets and (b) background rejection in
QCD dijet samples for two different working points with εG&T

sig = 50% and
25% [39].

The baseline vector boson identification algorithm was then further optimised to be used
in physics analyses. Dedicated jet energy and mass calibrations are derived, using the pro-
cedure described in Section 1.4.4. Smooths cuts as a function of pT on the jet mass and D2
were derived to obtain the 50% and a 25% signal efficiency working points.

Figure 2.17 shows the signal efficiencies and background rejection for W-tagger opti-
mised and recommended for physics analysis at the beginning of Run-2. Similar results
were found for the Z-tagger. The uncertainty bands include uncertainties on the jet pT, mass
and D2 scale, derived for early Run-2 analysis described in Section 1.4.4 as well the corre-
sponding resolution uncertainties. Detailed information about the samples used to derive
those uncertainties can be found in Ref. [39]. The large uncertainties on the background re-
jection for the tight working point are dominated by the D2 scale uncertainties. For a signal
efficiency of 50%± 5%, a background rejection of 60± 10 can be achieved.

2.4 Summary

From all the great results released by the LHC during the Run-1 data taking period, the
search for a heavy resonance decaying hadronically to dibosons stood up. The ATLAS Run-
1 data showed an excess at 2 TeV, with a local significance of 3.4 sigma and a 2.5 sigma global
significance. Other searches in ATLAS looking for diboson resonances in other channels
(including leptonic and semileptonic diboson decays) showed no excess. However, at the
other side of the LHC ring, CMS Run-1 data seemed to show a small excess as well at the
same place. Expectations for 2015 were high. The increased LHC beam energy in 2015 at the
start of Run-2 meant that, if existing, heavy resonances would be made much more easily
and next chapter will describe what happened with this search at the beginning of Run-2.

At previous hadronic colliders, the decay of W and Z bosons to quarks was quite difficult
to observe over the background of QCD jets produced directly in the proton collisions. But
at the LHC, hadronic boson reconstruction has become a standard tool. In this chapter we
described the first large boosted boson tagger optimisation efforts that took place in ATLAS
at the end of Run-1 and updates performed at the beginning of Run-2. During Run-2 the
simple two-variable boosted W/Z tagger described earlier, made up of a groomed mass
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window and a D2 requirement, was widely used by ATLAS physics analyses, including the
diboson resonance searches that will be presented in the next Chapter 3.

New optimisations were made in the last couple of years for new jet collections like
TCC [91, 164] and UFO [87, 164] leading to an improved background rejection thanks to
the good angular resolution of UFOs and TCCs. Recent extensions to these studies include
combining more variables (like the number of track associated to the large-R jet), using mul-
tivariate neural network techniques and investigating the use of new and more performant
pileup-removal techniques like constituent subtraction + SoftKiller (CS+SK) combined with
soft-drop grooming [87]. All these developments has greatly improved the sensitivity of
physics analyses using the full Run-2 dataset and are a solid baseline for Run-3.
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Chapter 3

Searching for diboson resonances in
Run-2

After the observation of an excess of events over the background prediction with a global
significance of 2.5σ in the VV diboson resonance search at 8 TeV(see Section 2.1), repeating
the analysis using Run-2

√
s = 13 TeV data was of uppermost interest in the scientific com-

munity. Due to the increase of parton luminosity from 8 to 13 TeV, new resonances with high
masses, initiated by gg, qg or qq̄ production, were produced more abundantly and therefore
Run-2 data helped us understanding the nature of the excess observed.

No excess was seen with the early Run-2 data collected. The analysis was redone with
the first 3.2/fb of Run-2 data, accumulated in 2015 [104, 111]; and I was the analysis team
coordinator. I also worked on the analysis of the 36.1/fb of data available at the end of
2016, also the subject of a publication in 2017 [92]. In parallel to this analysis work, I was
in charge of the Diboson/Multilepton subgroup of the ATLAS exotic group for one year
between April 2016 and April 2017, which involved the coordination of about 15 analyses
and close work with theorists in order to define the theoretical benchmarks to be used in
these searches. The analysis strategy broadly followed the one presented in the previous
Chapter. The main differences with respect to the 8 TeV analysis and results obtained are
detailed in Section 3.2. My main contributions were the coordination of the working group
of 30 people, the background estimation and the boson jet identification studies already
described in Section 2.3.2.

During this period I got also interested in expanding the hadronically decaying diboson
searches to topologies including Higgs(→ bb̄) bosons. I contributed to the first VH hadronic
resonance searches done in ATLAS [10, 96], in particular with background estimation stud-
ies and the boosted Higgs boson identification studies briefly described in Section 1.4.5. The
hadronic VH and VV searches results using 36.1/fb of data available at the end of 2016 were
combined with their leptonic counterpart and the dilepton resonance searches. This work,
for which I was one of the analysis coordinators, was also subject of a publication [19] and
the main results are found in Section 3.3.

3.1 Theoretical models used

The results presented in this Chapter are interpreted in the context of three models: the
Randall-Sundrum (RS) model, an empirical model featuring a new heavy scalar and the
heavy vector triplet (HVT) model based on a simplified phenomenological Lagrangian [206]
which replaces the extended gauge model W ′ used in Run-1 searches.

The RS model used is the same described in Chapter 2 with k/M̄Pl = 1, produced mainly
via gluon-gluon fusion (ggF) and for which the Kaluza–Klein excitations of gravitons, GRS
(corresponding to the resonance we were looking for), width relative to its mass is approxi-
mately 6% [209, 210]. The second model considered was an empirical model with a narrow
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heavy scalar resonance produced via ggF and vector boson fusion (VBF) mechanisms and
decaying directly into VV. The width of this new scalar was assumed to be negligible com-
pared with the detector resolution, and the relative branching fractions for decay into the
WW and ZZ final states approximately follow a 2:1 ratio. This benchmark was used to
explore the analysis sensitivity to extended Higgs sectors.

The HVT model provides a broad phenomenological framework including different sce-
narios involving new heavy gauge bosons and their couplings to SM fermions and bosons.
A new vector triplet is introduced with one charged (W ′) and one neutral (Z′) heavy spin-
one particle which mixes with the SM vector bosons and fermions. The W ′ and Z′ states are
collectively denoted by V ′. The coupling of the new vector triplet to the fermions is given
by g f = (g2/g2

V) · cF, where g is the coupling constant of the SU(2)L gauge group of the
weak interaction, gV the coupling strength to the new vector boson and cF is a free param-
eter of the order of one. Therefore, couplings specific to quarks and leptons are given by
gq = g2cq/gV and g` = g2c`/gV . The coupling to the Higgs boson is given by gH = gVcH.

Three HVT scenarios are used. The first two benchmarks are both Drell-Yan (DY) pro-
duction mechanisms, while the third benchmark proceeds via the vector-boson fusion (VBF)
mechanism:

• Model A, the first DY scenario, reproduces the phenomenology of weakly coupled
models based on an extended gauge symmetry [125]. In this case, the couplings are
gH = −0.56 and g f = −0.55, with the universal fermion coupling g f = gq = g`
and gV = 1. The width of the W ′ and Z′ in this model is approximately 2.5% of the
resonance mass.

• Model B, the second DY scenario, implements a strongly coupled scenario as in com-
posite Higgs models [169] with gH = −2.9 and g f = 0.14 and gV = 3. The V ′ reso-
nances are broader than in the weakly coupled scenario, model A, but remain narrow
(below 5%) relative to the experimental resolution.

• Model C, focuses only on vector-boson fusion processes. In this case, the V ′ resonance
couplings are set to gH = 1 and g f = 0. Model C is therefore in a separate phase space
domain to models A and B and assumes no DY production.

For the DY process with decay of the V ′ into lepton–antilepton final states, branching
fractions are largest in model A with values of approximately 4% and only about 0.2% in
model B, for each generation taken separately. In contrast, the branching fractions for decays
into individual diboson channels are about 2% in model A, whereas they are close to 50% in
model B.

The interpretation of diboson and dilepton searches can be extended beyond these three
benchmark models by considering the two-dimensional parameter space consisting of gH
and g f (assuming fermion universality) or gq and g` for a given value of gH. The differ-
ent production mechanisms and decay modes included in Section 3.3 provide sensitivity
to different regions of this parameter space, with production via the DY process providing
sensitivity to gq and production via VBF providing sensitivity to gH. Likewise, decays into
lepton–antilepton states provide sensitivity to g` whereas decays into diboson states provide
sensitivity to gH [19].

Table 3.1 presents production cross sections for several heavy resonance masses in the
HVT models A, B, and C, and the bulk RS model.
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TABLE 3.1: Cross sections for production of heavy resonances of different
masses in HVT models A and B via the Drell–Yan process, in HVT model
C via vector-boson fusion, and in the bulk RS model via gluon–gluon fusion

and the Drell–Yan process [19].

HVT model A HVT model B HVT model C Bulk RS
m σ(W ′) σ(Z′) σ(W ′) σ(Z′) σ(W ′) σ(Z′) σ(GRS)
[TeV] [fb] [fb] [fb] [fb] [fb] [fb] [fb]
1.0 2.20× 104 1.12× 104 987 510 1.30 0.888 583
2.6 219 100 14.0 6.44 4.78× 10−3 3.14× 10−3 1.41
4.0 9.49 4.37 0.626 0.288 1.27× 10−4 7.92× 10−5 3.25× 10−2

3.2 Hadronically VV resonance search at 13 TeV

3.2.1 Using 3.2/fb accumulated in 2015

Changes with respect to Run-1 analysis

The very first data at 13 TeV were analyzed. Although the initial 3.2/fb data collected at the
beginning of Run-2 are only a fraction of the integrated luminosity analyzed in the Run-1
publication, the increase of the energy at the center of mass allowed to increase the sensitiv-
ity of the analysis. This section is largely based on Ref. [104, 111]. The main changes with
respect to the Run-1 hadronically VV resonance search described in Section 2.1 are:

• The Heavy Vector Triplet model A with W ′ → WZ and Z′ → WW is used for the
results interpretation, instead of the extended gauge model.

• The boosted boson tagger was optimized to account for the higher boost and changes
in the pile-up conditions as described in Section 2.3.2. Table 3.2 summarizes the differ-
ences between the boosted boson tagger used in Run-1 and Run-2.

• The trigger used was the same, single-jet trigger with a nominal pT threshold of 360 GeV.
However, due to a smaller jet radius side used in Run-2 the leading large-R pT (mJ J)
threshold could be decreased from 540 (1050) to 450 (1000) GeV.

• The analysis was still dominated by the uncertainties on the scale and resolution of
the large-R jet observables: the jet pT, mass and D2. But there were changes in the
estimation of the uncertainties used:

– The scale uncertainties are larger than the ones of the Run-1 analysis since they
are based on the Run-1 uncertainties with additional MC-based uncertainties to
account for differences in the detector and jet reconstruction between 8 TeV and
13 TeV as described in Section 1.4.4. The uncertainty on the jet pT scale changed
from 2% to 5%, on the jet mass scale from 3% to 6% and for the D2 variable is
4-5% instead of 2% for

√
y12.

– The uncertainty associated to the ntrk jet cut was reduced from 20% to 6% because
of the better modelling of the ntrk distribution in Run-2.

– The uncertainty on the luminosity estimation increased from 2.8% to 5%.
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Run-1 Run-2
Jet algorithm C/A R = 1.2 anti-kt R = 1.0
Jet grooming Split-Filtering: Trimming:

Rsub = 0.3, ycut = 0.04, µ = 100% fcut = 5%, Rsub = 0.2
Jet tagging Mass window ±13 GeV Mass window ±15 GeV√

y12 ≥ 0.45 D2 pT-dependent cut
ntrk < 30 ntrk < 30

TABLE 3.2: Summary of the Run-1 and early Run-2 boosted boson tagging al-
gorithms used in the hadronically VV exotics resonance search analysis [170].

Results and exclusion limits obtained

Given the Run-1 results, both Run-1 and Run-2 boosted boson taggers were compared in this
version of the analysis. For low resonance masses, higher signal efficiencies were obtained
with the Run-1 tagger than the Run-2 tagger and vice-versa for high resonance masses. As
mentioned in Section 2.3.2 the Run-2 tagger keeps an almost constant efficiency as a function
of pT by construction. Regarding the predicted background rejection, it was found to be sim-
ilar for both taggers for high mJ J while the Run-2 tagger outperforms the Run-1 tagger for
low mJ J . Figure 3.1 shows the fitted dijet mass distribution of events passing the WW, ZZ,
WZ when using the Run-1 and the Run-2 boosted boson tagger. No significant deviations
were observed in either case.

The total number of events observed in the official analysis, using the Run-2 boosted
boson tagger, was 95, 77 and 128 in the WW, ZZ and WZ signal region, respectively. Due
to the large-R jet mass resolution, the chosen mass window around the W boson and Z
boson mass overlap and therefore the three signal regions are not orthogonal: 38 events are
shared among all three signal regions. The fraction of events selected by both the WZ and
WW selection are 60% whereas 56% of the events are common to the WZ and ZZ selection.
When using the Run-1 boosted boson tagger a total of 259, 199 and 470 events are selected
in the WW, ZZ and WZ signal regions, respectively. This is consistent with the observation
of the expected background rejection being lower for the Run-1 tagger.

The data are in good agreement with the background expectations at all masses studied.
Figure 3.2 shows the observed 95% CL upper limits on the cross section times branching
ratio as a function of the resonance mass using the HVT and the bulk GRS models. These
results exclude the HVT W ′ model for masses between 1.38 and 1.6 TeV at the 95% CL. No
exclusions of the other models considered were possible.

This early Run-2 version of the full hadronic diboson resonance search analysis was not
sensitive enough to exclude the excess of events observed at mJ J around 2 TeV in the Run-1
analysis. More statistics was needed to conclude on the observed excess as will be shown
shortly in the next section. However, the combination of the fully hadronic diboson reso-
nance search with analyses in the semi-leptonic final state using 3.2 fb−1 of 13 TeV data
in Ref. [111] exceeded the sensitivity of the 8 TeV analysis and at 2 TeV the limit obtained
with the combination was very close to that expected from background. There was no
sign of the 2 TeV peak around.

3.2.2 Using 36.1/fb accumulated in 2015 and 2016

One year later, at the end of 2016, ten times the amount of data has already been accumu-
lated compared to the first Run-2 release, providing ample justification for a re-release of
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FIGURE 3.1: Background-only fit to the invariant dijet mass (mJ J) distribution
in 3.2/fb

√
s = 13 TeV data for boson-tagged jets in the three different signal

regions: (top) WW, (middle) ZZ, (bottom) WZ using the Run-1 (left) and Run-
2 (right) boosted boson tagger [104, 170].
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FIGURE 3.2: Upper limits at 95% CL on the cross-section times branching
ratio of the bulk RS graviton through (a) the ZZ and (b) the WW channels,
and on the HVT through (c) the Z′ → WW and (d) the W ′ → WZ analyses.
The green and yellow bands represent the 1σ and 2σ interval of the expected
limit, respectively and the red line displays the predicted cross-section of the

considered models [104].
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the analysis. The main changes with respect to the 2015 hadronically VV resonance search
described in the previous section were:

• A spin-0 signal was introduced for interpretation, as the heavy scalar resonance model
(see Section 3.1). A heavy scalar is produced via gluon-gluon fusion with subsequent
decay into a pair of vector bosons.

• Additional 33.5/fb of pp collisions from 2016 were analyzed. A trigger-level require-
ment of having at least one large-R jet with transverse energy above 360 GeV in 2015
and 420 GeV in 2016 was used.

• The invariant mass of the dijet system was raised to mJ J > 1.1 TeV to avoid ineffi-
ciencies due to the minimum jet-pT requirements and to guarantee that the trigger
requirement is fully efficient.

• The combined jet mass, described in Section 1.4.5, was used instead of the calorimeter
mass. The boosted boson tagger was re-optimized using the combined mass to achieve
the maximal background-jet rejection for a fixed W or Z signal-jet efficiency of 50%.
The background-jet rejection improved between 20-40% depending on the pT range.

• The dominant sources of uncertainty are related large-R jet energy and mass calibra-
tions. The main changes are:

– JES, JMS and D2 scale uncertainties were evaluated using the track-to-calorimeter
double ratios between data and MC simulation (see Section 1.4.4 for more infor-
mation). The size of the total correlated JES (JMS) uncertainty varies with jet pT
and is around 3% (5%) for the full signal mass range. The uncorrelated scale
uncertainty in D2 also varies with jet pT and is approximately 3% per jet.

– The luminosity estimation uncertainty decreased from 5% to 3.2%.

Figure 3.3 shows the resulting dijet mass distributions. A total of 497, 904, 618, 980,
and 904 events are found in the WW, WZ, ZZ, WW + WZ, and WW + ZZ signal regions.
Approximately 20% of events are shared by all three regions: WW, WZ and ZZ. The re-
quirements of the WW (ZZ) selection are satisfied by 47% (57%) of the events in the WZ
signal region. No events are observed beyond 3.1 TeV. The dijet mass distributions in all
signal regions are described well by the background model over the whole range explored.

Figure 3.4 shows the observed 95% CL upper limits on the cross section times branching
ratio. These results exclude the HVT model A (model B) for masses between 1.2 and 3.1 TeV
(1.2 and 3.5 TeV) at the 95% CL. For the bulk RS model a spin-2 Kaluza–Klein graviton is
excluded in the range between 1.3 and 1.6 TeV. Upper limits on the production cross section
times branching ratio for new heavy scalar particles are set with values of 9.7 fb and 3.5 fb at
scalar masses of 2 TeV and 3 TeV, respectively. This analysis allowed to exclude the excess
of events observed at an invariant dijet mass of 2 TeV in the Run-1 analysis in the full
hadronic VV topology alone.

3.3 Combination of VV, VH and Leptonic Resonance Searches in
Run-2

Between 2017 and 2018 I was one of the coordinators of an interesting effort aiming to com-
bine for the first time in ATLAS the results of not only the VV and VH searches but lepton-
antilepton searches as well. It used the most (at the time) recent ATLAS results obtained at
13 TeV with an integrated luminosity of approximately 36 fb−1. This combination allowed
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FIGURE 3.3: Background-only fit to the invariant dijet mass (mJ J) distribution
in 36.1/fb

√
s = 13 TeV data for boson-tagged jets in the three different signal

regions: (a) WW, (b) WZ, and (c) ZZ signal regions, as well as in the combined
(d) WW+WZ and (e) WW+ZZ signal regions. The lower panels show the

significance of the observed event yield relative to the background fits [92].
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FIGURE 3.4: Upper limits at 95% CL on the cross-section times branching
ratio of the HVT through (a) the V′ → WW + WZ production, (b) the bulk
RS graviton through WW + ZZ production and (c) the heavy scalar model
through WW + ZZ production. The green and yellow bands represent the 1σ
and 2σ interval of the expected limit, respectively and the red line displays the

predicted cross-section of the considered models [92].

to explore the complementarity of these searches and set stronger constraints over the 3
models of physics beyond the SM described in Section 3.1: HVT, Bulk RS and an empirical
model featuring a new heavy scalar. This section is largely based on Ref. [19], where further
details can be found.

The analyses generally searched for narrow resonances in the final-state mass distribu-
tion with the signal shape extracted from MC simulation of the specific models considered.
The background shape and normalization were extracted from a combination of MC simula-
tion and data, often relying on dedicated control regions to extract the various background
contributions. Table 3.3 summarizes the analyses channels used in the combination, their
experimental signature as well as the reference where the full description of each analysis
can be found. Orthogonality between the different channels was a guiding criteria when
defining the event selection.
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TABLE 3.3: Summary of analysis channels, diboson states they are sensitive
to, and their experimental signatures. The selection reflects requirements spe-
cific to each channel. Additional jets (not included in the “Jets” column) are
required to define VBF categories. The notation “j” represents small-R jets
for resolved/low boosted bosons and “J” represents large-R jets used for the
boosted/high pT regime. Leptons are either electrons or muons. A veto is
imposed on Emiss

T in some channels to guarantee orthogonality between final-
state channels. The symbol “−” signifies that no requirement is imposed on a

given signature. Taken from Ref. [19].

Channel Diboson state Selection VBF cat. Reference
Leptons Emiss

T Jets b-tags
qqqq WW/WZ/ZZ 0 veto 2J − − [92]
ννqq WZ/ZZ 0 yes 1J − yes [112]
`νqq WW/WZ 1e, 1µ yes 2j, 1J − yes [109]
``qq WZ/ZZ 2e, 2µ − 2j, 1J − yes [112]
``νν ZZ 2e, 2µ yes − 0 yes [97]
`ν`ν WW 1e+1µ yes − 0 yes [94]
`ν`` WZ 3e, 2e+1µ, 1e+2µ, 3µ yes − 0 yes [108]
```` ZZ 4e, 2e+2µ, 4µ − − − yes [97]
qqbb WH/ZH 0 veto 2J 1, 2 − [96]
ννbb ZH 0 yes 2j, 1J 1, 2 − [93]
`νbb WH 1e, 1µ yes 2j, 1J 1, 2 − [93]
``bb ZH 2e, 2µ veto 2j, 1J 1, 2 − [93]
`ν − 1e, 1µ yes − − − [88]
`` − 2e, 2µ − − − − [101]

The mass distributions and associated systematic uncertainties from the channels con-
sidered were combined taking correlations into account. For each signal model tested, only
the channels sensitive to that hypothesis were included in the combination as summarized
in Table 3.4. Results were calculated in two different signal parameterization paradigms.
The first paradigm corresponds to usual one-dimensional upper limits on the cross section
times branching fraction as shown in Figure 3.5 for HVT and 3.6 for the bulk RS and scalar
models. Each of the channels presented here contributes uniquely to the search for heavy
resonances, and the results obtained by their combination extend the reach beyond that of
the individual search presented in the previous section.

TABLE 3.4: Signal models, resonances, and decay modes considered in the
combination. Taken from Ref. [19].

Model \ Decay mode WW WZ ZZ WH ZH `ν ``
HVT Z′ W ′ W ′ Z′ W ′ Z′

Bulk RS GRS GRS
Scalar Scalar Scalar

The second paradigm consisted in two-dimensional limits on the coupling strengths of
heavy resonances to SM particles in the context of the HVT model, introduced in Section 3.1.
These constrains are shown in Figure 3.7 for resonances of mass 2, 3, 4, or 5 TeV. The VV/VH
constrains are better at large couplings for g f and gH, but become weak as the couplings
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FIGURE 3.5: Observed and expected 95% CL upper limits on the V′ cross
section times branching fraction for the HVT benchmark model, relative to
the cross section times branching fraction for DY production HVT models A
or C to: (a) WW or WZ, (b) VV + VH, (c) VV + VH + lepton-antilepton and (d)
shows expected limits for bosonic and leptonic decay modes separately. The

model predictions are also shown [19].
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FIGURE 3.6: Observed and expected 95% CL upper limits on the cross section
times branching fraction for: (a) the HVT benchmark model VBF production
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for VBF production. The model predictions are also shown [19].
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approach zero. The reason is that the resonance couplings to VV and VH tend to zero as the
gH coupling approaches zero, and production of the resonance also tends to zero as the g f
coupling approaches zero. In the case of the {gq, g`} in Fig. 3.7(b) the constraint is worst at
large g` as the bosonic branching fraction decrease while the leptonic one increases in that
region. The complementarity is further evidenced by the full VV/VH/`ν/`` combination
in both the {gH, g f } plane, as shown in Figure 3.7(a), and the {gq, g`} plane, as shown in
Figure 3.7(b). The resulting constraints were very stringent, improving on the limits from
the best precision EW measurements available at the time in almost all areas of the respective
planes, except at low values of quark couplings where resonance production via quark-
antiquark annihilation is suppressed at the LHC.

3.4 Summary

This chapter, as well as the start of the LHC Run-2 data taking, started with an exciting ques-
tion: could a 2 TeV W ′ or Z′ boson exist? Expectation was high for the analysis team work-
ing on the fully hadronic VV resonance search.The beginning of Run-2, with the substantial
increase in the LHC’s collisions energy from 8 TeV to 13 TeV, meant an unprecedented op-
portunity for the BSM searches as heavy particles would be made much more easily and the
statistics would be doubling every few months.

Unfortunately, by the beginning of 2016 there was no sign of the 2 TeV peak. It was a sta-
tistical fluctuation. The combination of different diboson searches using the 2015 collected
dataset [111] as well as the later combination using the dataset collected between 2015 and
2016 [19] at

√
s = 13 TeV, both with a higher sensitivity to a 2 TeV W ′ boson than the Run-1

result, showed a good agreement with the SM background expectation. Personally, it was
time to explore new ways to look for new physics and achieve a better understanding of
the electroweak symmetry breaking mechanism: the indirect way. More details in the next
Chapter.

The diboson topologies continue to be a great candle when looking for new physics
through heavy resonance searches. The most recent results of the search for diboson reso-
nances in hadronic final states used the full Run-2 dataset collected between 2015 and 2018,
139 fb−1 at

√
s = 13 TeV [90]. The analysis used the novel TCC jets to identify the vector

bosons (see Section 1.4.1). The upper limits on the production cross-section times branching
ratio to diboson final states for the HVT A (B) model excluded the range 1.3 TeV-3.5 TeV
(1.3 TeV-3.8 TeV). The bulk RS model a spin-2 Kaluza-Klein graviton was excluded in the
range between 1.3 and 1.8 TeV. These limits were further improved by the updated diboson
(VV and VH) and di-lepton (`ν and ``) resonance searches combination using the full Run-2
dataset available in May 2022 [20]. In particular, the 95% CL limit on the mass of V ′ HVT A
(B) model was set to 5.8 TeV (4.5 TeV).
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FIGURE 3.7: Observed 95% CL exclusion contours in the HVT parameter
space (a, c, e ) {gH , g f } and (b, d) {gq, g`} with with gH set to the value from
HVT model A for resonances of mass 3, 4, and 5 TeV for the combination of
VV, VV + VH, and VV + VH + `ν/`` channels. The areas outside the curves
are excluded, as are the filled regions which show the constraints from pre-
cision EW measurements. Also shown are the parameters for models A and
B, where applicable. The shaded gray area represets a region where the lim-
its are not valid because resonances would have a width greater than 5% of
their mass and therefore the assumed narrow-width approximation breaks

down [19].
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Chapter 4

Probing the SM with diboson
topologies including the Higgs boson

The discovery of the Higgs boson in 2012 through the γγ, WW and ZZ → 4` decay chan-
nels is one of the most important achievements in the particle physics field and from the
LHC physics program to date [74, 153]. This discovery marked the beginning of a precision
measurements era as well as searches for all the possible production and decay channels to
test the hypothesis of a SM-like Higgs.

The Higgs boson in its dominant decay mode, H → bb̄, was particularly elusive and its
observation happened 6 years later in 2018 [75, 154]. This was only possible by reducing
the overwhelming background from the strong-interaction production of b-quark pairs by
requiring the Higgs boson to be produced in association with a leptonically-decaying W or
Z boson, VH, H → bb̄ production. Given my interest in using diboson topologies for new
physics searches I got involved in this analysis in 2019. This time the search for new physics
was done in an indirect way, searching for deviations from SM predictions that would point
to new physics processes in the Higgs boson production rates.

New phenomena might exist at energy scales beyond LHC’s energy reach. Looking for
new particles with masses too heavy to be directly produced at LHC is not possible but
their existence might be inferred by looking at deviations in different physics processes.
In particular, in the case of the Higgs boson, the larger its transverse momentum is, the
greater we believe is the sensitivity to new physics processes from new heavy particles.
Without knowing the exact nature of this new physics, the LHC experiments have adopted
an approach that allow to analyse their data to constrain new types of interactions in the
framework of an effective field theory (EFT). The effects can be subtle, in particular if the
new physics phenomena are far beyond LHC’s energy reach. Therefore it is important to
have as many physics analysis inputs as possible to constraint the EFT and H → bb̄ is one
of them.

Capitalizing on my work on boosted H → bb̄ described in Section 1.4.5 and on VH, H →
bb̄ resonances searches briefly mentioned in Section 3.3 then I joined a new version of the
analysis designed to probe the boosted SM Higgs boson, H → bb̄ production. The results
of the first specific boosted H → bb̄ boson production in association with a leptonically-
decaying W or Z boson were subject of a publication [58] in 2020, for which I was one
of the paper editors. From October 2019 to October 2021 I was one of the coordinators
of the Flavour Tagging Calibration subgroup. I was responsible for the coordination and
supervision of all results of this subgroup related to the calibration of the b-tagging and X →
bb̄ algorithms used by the collaboration. Although involved through my role in coordinating
and supervising students in many analyses, my personal work during this period focused
primarily on the calibration of boosted H → bb̄ taggers [30] described in Section 4.3.1. Two
physics processes are used for the signal calibration of this tagger:

• Z(→ bb̄) + γ. An early exploration study to study the potential of this channel for
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the signal calibration was done with Miles Wu, at the time PhD at the University of
Chicago [41]. I co-supervised also his work on the measurement of the jet mass in high
transverse momentum Z(bb̄)γ production [61].

• Z(→ bb̄)+jets [30], a work done with Yajun He, PhD student from LPNHE, whose
work I am co-directing since October 2019. Yajun He is currently involved in the next
edition of the boosted VH, H → bb̄ using for the first time fully hadronic topologies.

This chapter presents a very brief introduction to the SM Higgs boson in Section 4.1 and
an overview of the boosted VH,H → bb̄ analysis in Section 4.2. Section 4.3 summarises a few
selected results relevant for the future version of the boosted H → bb̄ analyses related with
the calibration of the most recent boosted H → bb̄ tagger. Finally Section 4.4 briefly summa-
rizes the current context of Higgs studies and combinations in the ATLAS experiment. The
text in this Chapter is largely based on the References mentioned above.

4.1 The Standard Model Higgs boson

Before 2012, the last particle to complete the SM list of particles was the Higgs boson. This
boson is the consequence of introducing a new doublet of complex scalar fields in the SM
theory in order to give mass to the electroweak bosons V (V = W, Z) and fermions, known
as spontaneous electroweak symmetry breaking via the Brout-Englert-Higgs (BEH) mecha-
nism [185, 212, 217].

The scalar sector is represented by the Higgs boson and the scalar potential. The poten-
tial has quadratic and quartic terms related to the Higgs boson mass mH and self-interaction,
with coefficients µ2 and λ, respectively, with mH =

√
−2µ2 =

√
2λv. The couplings between

the Higgs boson and the electroweak bosons, gV , are given by: gV = 2 m2
V

v , where mV is the
electroweak boson mass. The couplings between fermions and the Higgs boson (g f ) are free
parameters of the theory but are related to the fermion masses m f via g f =

√
2 m f

v .

4.1.1 Higgs boson production at the LHC

The main single Higgs production processes at the LHC are the following: gluon fusion
(ggF or pp→ H is the dominant mode, accounting for almost 90% of the total cross section),
vector-boson fusion (VBF or pp → qqH is the subleading mode), associated production
with a vector boson (pp → VH), associated production with a top or bottom-quark pair
(pp → ttH, bbH) and associated production with a single top quark (pp → tH). To date the
ggF, VBF, VH and ttH single Higgs production have been observed at the LHC.

The double Higgs boson production plays also an important role in the understanding
of the BEH mechanism. The ggF and VBF double Higgs production are tightly related with
the doublet structure of the scalar field and the shape of the potential. For the the production
of Higgs pairs the dominant process is gluon fusion. The contribution of a top-quark loop
interferes destructively with the diagram that involves the Higgs boson self-coupling. The
resulting cross section is more than three orders of magnitude smaller than that of a single
Higgs boson, making its measurement a long-term effort. Current projections estimate that
a potential evidence of this process at the end of the Run 3 (20220-2025) of the LHC could be
at hand. Figure 4.1 shows the cross-section single Higgs production processes as a function
of the center-of-mass energy.

Our main interest for this Chapter is the associated production with a W or Z boson
(pp→ VH, V = W, Z). Most of the time this production mode is accessed with leptonically
decaying vector bosons (including neutrinos) which are easier to trigger and quarks to a
lesser extent. The quark-initiated processes are calculated up to NNLO QCD and NLO EW
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accuracies [130, 132, 140, 147, 179–181], with uncertainties below one percent, with addition-
ally 2% uncertainty due to PDFs and αS. Gluon-initiated processes are sizeable for ZH final
states (∼ 10%) and bring the total uncertainties to about 4% and they are calculated up to
NLO+NLL [6, 131, 189–191].

4.1.2 Higgs boson decay modes

The branching ratios (BR) of the main decay modes of the Higgs boson are shown in Fig-
ure 4.1. The largest BR corresponds to the bb̄ decay. However due to the very large multi-jet
background at the LHC, decay modes with hadronic final states are difficult to access and
therefore so far this decay has been observed in the VH production mode, with W and Z
bosons decaying leptonically [18, 58, 68] but studied in several production modes including
ggF, VBF and ttH. Clean signatures like γγ, ZZ → 4` (` = e, µ) and WW → `ν`ν have
higher sensitivities despite the smaller branching ratio and can assess all the production
modes. These were the three discovery channels and now we are doing precision measure-
ments with them.

The ττ decay is studied predominantly in the VBF production or in association with a
high-pT jet from ggF. It was was observed with the 2015-2016 data [26, 66, 155] providing
new insight into the Yukawa coupling. Similarly to the bb̄ decay, the cc decay give physi-
cists new insight into the Higgs boson’s relationship with the second generation of matter
particles and is also heavily dominated by background processes. A recent search study for
VH, H → cc̄ was published showing no significant sign of the decay of the Higgs boson
to charm quarks yet but improved constraints on the charm Yukawa coupling modifier [28,
149]. Finally, decays to µµ and Zγ will require large luminosities to be observed.
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FIGURE 4.1: (a) Higgs boson production cross sections as a function of the
centre-of-mass energy and (b) Higgs boson decay branching ratios as a func-

tion of its mass [200].

4.1.3 More about the beauty Higgs

H → bb̄ is an ideal decay channel to search for deviations in the production rate from pre-
dictions that would point to new physics processes. As the most likely decay of the Higgs
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boson (accounting for ≈ 58% of all Higgs-boson decays), its larger abundance allows physi-
cists to probe further into the high-transverse-momentum regions, where the production
rate decreases due to the composite structure of the colliding protons. This channel was
first observed in 2018 [75, 154] and provided direct evidence for the Yukawa coupling of
the Higgs boson to down-type quarks using pp collisions of the Run-1 data set combined
with a partial Run 2 data set collected at 13 TeV by both experiments. A first cross-section
measurement as a function of the vector-boson transverse momentum in the VH, H → bb̄
was also carried out by the ATLAS Collaboration using 79.8 fb−1 of Run-2 data [64].

Since then the full Run-2 dataset was analysed by two different analysis made public in
2020. One targeting events with vector bosons with transverse momentum pV

T > 75 GeV
which reconstructs the Higgs boson candidate from two jets with radius parameter of R =
0.4, referred to as small-radius (small-R) jets [68]. And a second one, targeting specifically
(and for the first time) the high transverse momentum regime pV

T > 250 GeV [58]. This high-
pT regime is particularly interesting due to its sensitivity to beyond the Standard Model
anomalous couplings in models of effective field theories [133, 168, 175, 203]. For boosted
Higgs, the decay products can become close enough that they cannot be reconstructed with
two small-R jets. To explore this ‘boosted’ regime, the Higgs boson is reconstructed as a
single large-R jet with R = 1.0 [134]. These two full Run-2 VH, H → bb̄ measurements were
combined recently in 2021 [18], providing improved precision at moderate pV

T between 75
and 250 GeV, and adding differential information for pV

T > 250 GeV.
The H → bb̄ process has been also explored in other production modes in ATLAS and

CMS: gluon fusion boosted production [25, 151], VBF [67, 98] and ttH [56, 156] (for which
an evidence was obtained by CMS with 3.9σ).

4.2 The boosted VH, H → bb̄ analysis at 13 TeV

Three analysis channels based on the vector boson decay were defined: 0-lepton targeting
ZH → ννbb̄, 1-lepton targeting WH → `νbb̄ and 2-lepton targeting ZH → ``bb̄ (with
`= electron or muon). The Higgs boson is reconstructed as a single large-R jet and the b-
quarks from its decay as a pair of jets, reconstructed with a pT-dependent radius parameter,
associated with the large-R jet and identified as containing a b-hadron.

The dominant background processes after the event selection correspond to: Z + jets
and tt̄ events with a significant contribution from W + jets and diboson production in the
0-lepton channel; tt̄ and W + jets production followed by the single-top background in the
1-lepton channel and Z + jets production is the dominant background followed by the ZZ
background in the 2-lepton channel. The signal is extracted from a combined profile like-
lihood fit to the large-R jet mass, using several signal and control regions. The yield of
diboson production VZ with Z → bb̄ is also measured using the same fit and provides a
validation of the analysis. The cross-section measurements are performed within the sim-
plified template cross-section (STXS) framework [8, 200]. The STXS categories are defined
by the production process, WH or ZH, where the latter contains contributions from both
qq → ZH and gg → ZH diagrams and they are defined for different pV

T bins. These mea-
surements are then used to constrain anomalous couplings from beyond SM scenarios using
the EFT framework as a benchmark.

4.2.1 Monte Carlo simulation and data

The analysis was performed using the dataset collected in 2015-2018 from 13 TeV LHC pp
collisions using a combination of triggers selecting events with high missing transverse mo-
mentum or with a high-pT lepton, depending on the analysis channel. More details can be
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found in Ref. [58]. The integrated luminosity of this dataset after requiring good beam and
detector conditions is 139 fb−1, with a relative uncertainty of ±1.7% [54], obtained using the
LUCID-2 detector [55, 124] for the primary luminosity measurements.

MC simulated event samples are used to model the signal and background contribu-
tions, except for the multijet production, whose contribution is estimated with data-driven
techniques. The following signal processes were generated: qq → WH → `νbb̄, qq →
ZH → ννbb̄/``bb̄ and gg → ZH → ννbb̄/``bb̄. The signal and top quark processes were
generated with the POWHEG-BOX v2 [3] generator interfaced to PYTHIA 8.212 [213] for the
parton shower simulation. V+jets and diboson processes were generated with the SHERPA

2.2.1 [141, 186, 187] generator, except for gluon-initiated diboson production where version
2.2.2 is used.

The samples are normalised according to the predictions described in Section 4.1. Full
details on the nominal generators and parameters used as well as the samples produced
with alternative generators used to estimate modelling systematic uncertainties are given in
Ref. [58]. All samples are passed through a full detector simulation [117] based on GEANT4 [2],
including pile-up from additional pp collisions in the same or neighbouring bunch crossings
generated with PYTHIA 8.1 [213]. Simulated events were then reconstructed with the same
algorithms as those applied to data and are weighted to match the pile-up distribution ob-
served in the data.

4.2.2 Object and event selection

The analysis relies on the reconstruction of electrons, muons, jets, and missing transverse
momentum (with magnitude Emiss

T ). The small differences between the efficiencies mea-
sured in data and MC simulation for these objects are corrected for by applying scale factors
to the MC simulation so that it matches the data.

Events are categorised into the 0-, 1- and 2-lepton channels depending on the number of
selected electrons and muons to target the ZH → vvbb̄, WH → `νbb̄ and ZH → ``bb̄ sig-
natures, respectively. Baseline electrons are required to have pT > 7 GeV and |η| < 2.47, to
be isolated from other tracks and energy deposit clusters, to meet loose likelihood selection
criteria based on shower shapes and |d0/σ(d0)| < 5 and |z0 sin θ| < 0.5 mm. Signal electrons
are a subset of the baseline electron set and are selected using a tighter likelihood require-
ment and and using a tighter calorimeter-based isolation criterion [32] . Muons are required
to have pT > 7 GeV and |η| < 2.7 and to have |d0/σ(d0)| < 3 and |z0 sin θ| < 0.5 mm. Two
muon categories are used in the analysis: baseline muons are selected using the ‘loose’ iden-
tification criterion and a loose track isolation; signal muons are required to have |η| < 2.5, to
satisfy the ‘medium’ identification criterion and a tighter track-based isolation criterion [72]
.

Three jets collections are used in the analysis:

• Small-R jets, anti-kt R = 0.4 jets build from topoclusters, are used in building the
missing transverse momentum and event categorisation.

• Large-R jets, anti-kt R = 1.0 trimmed jets with fcut = 0.05 and Rsub = 0.2 also built
from topocluster at the LC scale, are used to reconstruct the boosted Higgs candidate.
Large-R jets are required to have pT > 250 GeV, combined mass mJ > 50 GeV and
|η| < 2.0, the last due to tracking acceptance.

• Track-jets, anti-kt variable-radius jets, are used to reconstruct a candidate two-body
H → bb̄ decay within the large-R jet. Only VR track-jets with pT > 10 GeV, |η| < 2.5
and with at least two constituents are considered [65]. VR track-jets are matched to the
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TABLE 4.1: Event selection requirements for the boosted VH, H → bb̄ analysis
channels and sub-channels [58].

Selection 0 lepton channel 1 lepton channel 2 leptons channel
e sub-channel µ sub-channel e sub-channel µ sub-channel

Trigger Emiss
T Single electron Emiss

T Single electron Emiss
T

Leptons 0 baseline leptons 1 signal lepton 2 baseline leptons among which
pT > 27 GeV pT > 25 GeV ≥ 1 signal lepton, pT > 27 GeV

no second baseline lepton both leptons of the same flavour
- opposite sign muons

Emiss
T > 250 GeV > 50 GeV - -

pV
T pV

T > 250 GeV

Large-R jets at least one large-R jet, pT > 250 GeV, |η| < 2.0

Track-jets at least two track-jets, pT > 10 GeV, |η| < 2.5, matched to the leading large-R jet

b-tagged jets leading two track-jets matched to the leading large-R must be b-tagged (MV2c10, 70%)

mJ > 50 GeV

min[∆φ(Emiss
T , small-R jets)] > 30◦ -

∆φ(Emiss
T , Hcand) > 120◦ -

∆φ (Emiss
T , Emiss

T, trk) < 90◦ -

∆y(V, Hcand) - |∆y(V, Hcand)| < 1.4

m`` - 66 GeV< m`` < 116 GeV

Lepton pT imbalance - (p`1
T − p`2

T )/pZ
T < 0.8

large-R calorimeter jets via ghost-association [1]. Track-jets not associated with large-
R jets are also used in the analysis for event categorisation as will be mentioned later.
To identify track-jets containing b-hadron decay products, track-jets are tagged using
the MV2c10 algorithm introduced in Section 1.4.5, using the 70% efficiency working
point.

The energy and mass of the large-R and small-R jets are then calibrated following the
procedure described in Section 1.4.4. Two additional corrections are applied to the large-R
jets in order to improve the scale and the resolution of their energy and mass measurements.
The first one corrects for the energy of the muons from semileptonic decays of the b-hadrons
represented by b-tagged track-jets. For the second one a per-event likelihood uses the full
reconstruction of the event kinematics to improve the estimate of the energy of the b-jets [34]
and it is only applied in the 2-lepton channel.

To select the Higgs boson candidate, the leading pT large-R jet is chosen, at least two
VR track-jets are required to be matched to it by ghost-association, and the two leading VR
track-jets are required to be b-tagged. More details about this identification method can be
found in Section 1.4.5. The large-R jet’s invariant mass (mJ) is used as the discriminant. The
reconstructed transverse momentum pV

T of the vector boson corresponds to Emiss
T in the 0-

lepton channel (as Emiss
T is a proxy of the undetected neutrinos from the Z boson decay), to

the magnitude of the vector sum of Emiss
T and the muon or electron in the 1-lepton channel,

and to the transverse momentum of the two muons or two electrons system in the 2-lepton
channel. The full event selection is detailed in Table 4.1. The additional cuts in the 0-, 1- and
2-lepton channels were optimised to remove multijet background from jet energy mismea-
surements, non-prompt lepton background and the main Z+jets background, respectively.

The selected events in the 3 lepton categories are categorised in ten signal regions (SRs)
and the four control regions (CRs) enriched in background events. The categorization is
summarised in Table 4.2. Events are split into two pV

T bins with 250 < pV
T < 400 GeV and

with pV
T ≥ 400 GeV since the signal-to-background ratio increases for large Higgs boson

transverse momenta [16, 134]. Also, the 250 GeV and 400 GeV thresholds align with the
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fiducial definition of the VH STXS categories. The selection efficiency in the 0-, 1- and 2-
lepton channels and two pV

T bins ranges between approximately 6% and 16% for the WH
and ZH processes where the W and Z bosons decay leptonically and the Higgs boson decays
into a pair of b-quarks. CRs enriched in tt̄ are built in the 0- and 1-lepton channels if there
is at least one additional b-tagged track jet, which is not associated to the Higgs candidate
jet. Events in the 0- and 1-lepton SRs are further categorised depending on the number of
small-R jets not matched to the Higgs-jet candidate, i.e. with ∆R(Hcand, small-R jet)>1.0. If
no additional jets are present, the event falls into the high-purity signal region (HP SR), and
if at least one additional jet is present into the low-purity signal region (LP SR).

TABLE 4.2: Summary of the definition of the analysis regions. Signal enriched
regions are marked with the label SR. There are regions with relatively large
signal purity (HP SR) and with low purity (LP SR). Background enriched re-
gions are marked with the label CR. The shorthand “add” stands for addi-
tional small-R jets, i.e. number of small-R jets not matched to the Higgs-jet

candidate [58].

Channel
Categories

250 < pV
T < 400 GeV pV

T ≥ 400 GeV
0 add. b-track-jets ≥ 1 add.

b-track-jets
0 add. b-track-jets ≥ 1 add.

b-track-jets0 add.
small-R jets

≥ 1 add.
small-R jets

0 add.
small-R jets

≥ 1 add.
small-R jets

0-lepton HP SR LP SR CR HP SR LP SR CR
1-lepton HP SR LP SR CR HP SR LP SR CR
2-lepton SR SR

4.2.3 Results

The results are obtained from a binned maximum-profile-likelihood fit to the data of the mJ
distribution, using all the SRs and CRs defined in Section 4.2.2. The fit is performed using
the ROOSTATS framework [204, 216]. The likelihood function is described in more detail in
Ref. [34].

The systematic uncertainties included in the fit as nuisance parameters belong to the
following categories: experimental, signal modelling, and background modelling. A full
description can be found in Ref. [58]. Experimental systematic uncertainties related to trig-
ger event selection, luminosity, lepton reconstruction and identification, missing transverse
momentum, b-tagging correction factors and jet calibration were included. The signal mod-
elling uncertainties took into account the choice of PDF, parton shower model and miss-
ing higher order QCD and electroweak corrections. The principal background modelling
uncertainties considered were the renormalisation and factorisation scale variations; merg-
ing scale variations from multi-leg simulations; resummation scale or parton shower un-
certainties; PDF uncertainties; and differences with alternative MC generators. The domi-
nant source of systematic uncertainty for the boosted VH, H → bb̄ analysis is experimental
and related to the large-R jet calibration, in particular in the mJ resolution, amounting to
≈ 10 − 13%. The second two largest source of systematic uncertainty is the background
modelling and the limited size of the MC simulation samples, which overall has an impact
of ≈ 10% on the result each. Systematic uncertainties in the signal modelling have an im-
pact of ≈ 4%, on par with uncertainties related to small-R jets. The impact of systematic
uncertainties is almost as important as the total statistical uncertainty.
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Figure 4.2 show the mJ distributions after fit for all three channels’ SRs. The low-purity
and high-purity categories in the case of the 0-lepton and 1-lepton channels are merged
in Figure 4.2. In all SRs and CRs a good agreement between the data and the prediction
is observed. The mJ distribution is shown in Figure 4.3(a) summed over all channels and
signal regions, weighted by their respective values of the ratio of the fitted Higgs boson
signal to background yields and after subtraction of all backgrounds except for the WZ and
ZZ diboson processes.

Signal strength and cross-section measurements

The signal strengths for VZ and VH extracted simultaneously through a maximum-likelihood
fit to the mJ distribution were found to be:

µbb
VH = 0.72+0.39

−0.36 = 0.72+0.29
−0.28(stat.)+0.26

−0.22(syst.).

µbb
VZ = 0.91+0.29

−0.23 = 0.91± 0.15(stat.)+0.24
−0.17(syst.),

With all three lepton channels combined, a significance of 5.4 standard deviations was
observed for the VZ process, compared to an expectation of 5.7σ. For a Higgs boson mass of
125 GeV, the observed excess with respect to the background-only hypothesis has a signifi-
cance of 2.1σ, to be compared with an expectation of 2.7σ. Figure 4.3(b) shows the results of a
fit with six VH POIs measuring the individual signal strengths in each of the three channels
and pV

T bins separately.
The cross-sections in the two defined pV

T regions, 250 GeV < pV
T < 400 GeV and pV

T ≥
400 GeV were also measured in this analysis. The analysis closely followed the strategy used
in Ref. [64]. The fit performed had multiple parameters of interest (POIs) corresponding to
the cross-sections in the four regions used in the analysis, multiplied by the H → bb̄ and
V → leptons branching fractions. The measured results, together with the SM predictions
in the selected STXS regions, are summarised in Figure 4.4. The measurements are in agree-
ment with the SM expectations.

Constraints on effective interactions

The STXS cross-section results were interpreted in the SMEFT approach to set constraints
on potential modifications of the strength and tensor structure of the VH, H → bb̄ process.
In this SMEFT approach, the SM Lagrangian is extended with higher-dimensional operators
that capture the low-energy limit effects of a fundamental ultraviolet theory, without a priori
knowledge of this theory [168]

LSMEFT = LSM + ∑
d

1
Λd−4

(
∑

i
c(d)i O

(d)
i

)
,

where O(d)
i are dimension-d operators and c(d)i are the corresponding numerical coefficients

called Wilson coefficients. All Wilson coefficients are assumed real. In the SM, all Wilson
coefficients are zero. The scale of new physics Λ is a free parameter set to 1 TeV. In this anal-
ysis, the Warsaw basis [188] of dimension d = 6 operators is used, taking into account only
the lepton- and baryon-number-conserving ones. The Wilson coefficients are used to param-
eterise the STXS and the Higgs boson decay rates [69] from leading-order predictions [133]
and can be constrained using the STXS measurements presented in Figure 4.4. The param-
eterisation of the STXS takes into account the linear terms originating from the interference
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FIGURE 4.2: The mJ post-fit distributions in (a, b) the 0-lepton, (c, d) 1-
lepton and (e, f) 2-lepton signal regions for 2-b-tagged events for (a, c, e)
250 GeV < pV

T < 400 GeV and (b, d, f) pV
T ≥ 400 GeV. The low-purity and

high-purity categories in the case of the 0-lepton and 1-lepton channels are
merged in this figure. The background contributions after the likelihood fit
are shown as filled histograms. The Higgs boson signal (mh = 125 GeV) is
shown as a filled histogram on top of the fitted backgrounds normalised to
the signal yield extracted from data (µbb

VH = 0.72), and unstacked as an un-
filled histogram, scaled by the SM prediction times a factor of two. The size
of the combined statistical and systematic uncertainty for the sum of the fitted
signal and background is indicated by the hatched band. The highest bin in
the distributions contains the overflow. The ratio of the data to the sum of the

fitted signal and background is shown in the lower panel [58].
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FIGURE 4.3: (a) mJ distribution in data after subtraction of all backgrounds
except for the WZ and ZZ diboson processes. The contributions from all lep-
ton channels and signal regions are summed and weighted by their respective
values of the ratio of fitted Higgs boson signal and background yields. (b)
Fitted values of the signal strength parameter, µbb

VH , for mH = 125 GeV for the
0-, 1- and 2-lepton channels in different pV

T regions separately and for various
combinations [58].
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FIGURE 4.4: Measured VH STXS [8, 200] cross-sections times the H → bb̄ and
V → leptons branching fractions for the boosted analysis [58].
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between SM and non-SM amplitudes as well as the quadratic ones from the squared non-SM
amplitudes.

Figure 4.5 shows the results for the four Wilson coefficients the boosted VH, H → bb̄
analysis is most sensitive to (after removing degeneracies), c(3)Hq, cHu, cHW , and cHWB, in ad-
dition to the operator which affects the H → bb̄ decay, OdH. No significant deviation from
their expected SM value is observed. More information about the Wilson coefficients ex-
act definition, the negative-log-likelihood one-dimensional profiles for the individual fits as
well as other parametrisation approaches for the Wilson coefficients can be found in Ref. ??.
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FIGURE 4.5: Summary of the observed individual confidence interval at 68%
(solid lines) and 95% (dashed lines) CL for the c(3)Hq, cHu, cHW , cHWB and cdH
Wilson coefficients from a fit of the STXS, using a linear-only parameterisa-
tion (in blue) and including quadratic terms (in orange) from the boosted

VH, H → bb̄ analysis [58].

4.2.4 Combination of the resolved and boosted VH, H → bb̄ analyses

At the same timescale of the publication of the first boosted VH, H → bb̄ analysis, the re-
solved version was also updated. The new resolved analysis used 75% more data than the
previous one matching the full Run-2 dataset also used in the boosted analysis, increased
MC simulation statistics and improved event selection. A combination of the two analyses
was performed in 2021 [18], after some modifications were introduced to avoid overlapping
events.

The resolved analysis provided a more precise measurement of the cross-section in the
inclusive pV

T > 250 GeV region. This can be attributed to the larger acceptance at lower pV
T

value, the usage of more precise physics objects calibration and to the use of multivariate
analysis techniques. Their combination resulted in a higher precision at moderate pV

T be-
tween 75 and 250 GeV and added differential information for pV

T > 250 GeV. The measured
signal strength was µbb

VH = 1.00+0.18
−0.17 = 1.00+0.12

−0.11(stat.)+0.14
−0.13(syst.). Figure 4.6 shows the STXS

results for the combination as well as the observed results for the 68% and 95% CL intervals
for three representative operators with strong pV

T dependence and for which the analyses
were sensitive. The combination provides more stringent limits than the individual analy-
ses, demonstrating the benefits of increasing in the number of measured STXS regions for
cases where multiple operators are constrained simultaneously.
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FIGURE 4.6: (a) Measured VH STXS cross-sections times the H → bb̄ and
V → leptons branching fractions for the resolved (blue) and boosted (yellow),
and the combination (green) analyses. (b) Observed (right) 68% and 95% CL
intervals for the three selected Wilson coefficients for the resolved (blue) and

boosted (yellow), and the combination (green) VH, H → bb̄ analyses. [18].

CMS released their latest VH, H → bb̄ during the summer 2022 [166] including cate-
gories for resolved and boosted Higgs boson decays with optimised overlap removal among
them. The measured inclusive signal strength was µbb

VH = 0.58+0.19
−0.18 leading to an observed

(expected) significance of 3.3σ (5.2σ). The boosted Higgs candidate is tagged using a perfor-
mant DeepAK8 algorithm [167] leading to a good sensitivity for pT > 400 GeV. DeepAK8
uses low-level input features (PFlow candidates) in addition to the traditional observables
of the boosted jet environment (tracks, jets, secondary vertices). Figure 4.7 shows the STXS
results for the CMS VH, H → bb̄ analysis using the full Run-2 dataset.

4.3 Preparing the legacy Run-2 boosted H → bb̄ analyses

Further improvements of the analysis presented in Section 4.2 can come from: additional
data (Run-3 data taking period just started during the summer of 2022), the addition of
new VH channels/topologies (more about this in Chapter 5) and/or improvements in the
analysis strategy.

In this section we will focus on one of the possible improvements in the analysis strategy:
the use of the new boosted H → bb̄ using neural networks, the so called X → bb̄ tagger,
described in Section 1.4.5. When compared to double b-tagging algorithms used by ATLAS
in Run-2 (also described in Section 1.4.5), the new NN tagger improves the discrimination
against top and multijet backgrounds, specially at high pT. Relative to a double MV2 tag
used in Section 4.2, the multijet (top) rejection at 60% efficiency is increased by a factor of 1.4
(2.0) for jets with pT > 500 GeV, see Figure 1.13.

After the taggers are developed and trained based on MC simulation, their validation
with ATLAS data is necessary for their application in physics data analysis since their ef-
ficiency might differ between data and simulation. The intrinsic abundance of hadronic
processes at the LHC make this task particularly challenging. In the latest ATLAS results,
the X → bb̄ tagger signal efficiency is calibrated using Z(→ bb̄)γ and Z(→ bb̄)+jets. Z → bb̄
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FIGURE 4.7: Measured VH STXS [8, 200] cross-sections times the H → bb̄ and
V → leptons branching fractions by CMS [166].

process is a colour-singlet resonance with a mass close to the Higgs boson mass, so kinematic
properties of the Z → bb̄ and H → bb̄ events are expected to be similar. The background
efficiency is calibrated using tt̄ events. In addition the use of multijet events enriched in
g → bb̄ splitting for background mistagging efficiency calibration has been also explored
and the modelling of large-R jet kinematics in Monte Carlo simulation is checked after the
application of the tagger in those events. These two backgrounds are usually significant for
analyses searching for H → bb̄ events in fully hadronic final states. I have actively con-
tributed to the development of the signal efficiency methodology in ATLAS and therefore
this section will focus on it. More information about the background mistagging efficiency
calibrations can be found in Ref. [30].

Between 2015 and 2017 with Miles Wu, (at the time) PhD student at University of Chicago
(2016-2017), we explored the possibility of using Z → bb̄ events for the calibrating the avail-
able H → bb̄ two b-tagged track-jet tagger. The calibration based on Z(→ bb̄)γ events was
first considered by ATLAS in our paper Ref. [41] for which I was one of the editors. The
Zγ studies were pursued later on, leading to the a measurement of the fiducial and differ-
ential jet mass cross-sections for this process [61] in a collaboration between the University
of Chicago and the University of Arizona. While previous analyses [63, 152, 162] measured
the cross-section of quark and gluon-initiated jets for different grooming algorithms, in this
analyses we measured for the first time the mass of large-R jets containing the hadronic de-
cay products of Z bosons in Z(→ bb̄)γ events using 36 fb−1 of data collected at

√
s = 13 TeV

for two jet collections: anti-kt R = 1.0 jets trimmed with fcut = 0.05 and Rsub = 0.2 and
soft-drop with β = 0 and zcut = 0.1 SK+CS. The observed experimental features of these
different grooming algorithms are helpful for future measurements of resonant bb̄ decays
but also for comparison with future precision theoretical calculations of the jet mass spectra.

The NN X → bb̄ tagger became available in 2020. And the first ever ATLAS full cali-
bration for this bb̄ tagger followed in 2021, and it was object of a public ATLAS note [30].
The fruit of a collaboration between University of Bonn, LPNHE/CNRS and Humboldt Uni-
versität zu Berlin. The Z(→ bb̄)γ calibration effort followed closely the methodology and
selection established in previous works exploring this topology (see previous paragraph).
LPNHE led the Z(→ bb̄)+jets calibration effort, with major contributions from Yajun He, a
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PhD student at LPNHE who I co-supervise between 2019 and 2022.

4.3.1 Boosted X → bb̄ tagger signal calibration

The calibration of the tagger is performed according to a process-based approach, as op-
posed to the flavour-based approach typically pursued in the calibration of small-R jets
discussed in Chapter 1. The signal efficiency of the tagger is calibrated using Z(→ bb̄)γ
events for 200 < pT < 450 GeV due to statistics limitations and using Z(→ bb̄) + jets for
pT > 450 GeV. The calibration and the modelling study was carried out for the 60% signal
efficiency working point and for four large-R jet pT bins between 200 and 1000 GeV. Details
about the MC simulation samples used and the handling of systematic uncertainties can be
found in Ref. [30].

The data-to-simulation scale factors applied to MC to match the tagger signal efficiency
to the one measured in data can be calculated as:

SF =
εdata

εMC =

Ndata
passed

Ndata
total

NMC
passed

NMC
total

=

Ndata
passed

NMC
passed

Ndata
total

NMC
total

=
µpost−tag

µpre−tag
. (4.1)

The suffix passed refers to the number of data or MC events which pass the X → bb̄ tagger
requirement and total refers to the total number of signal events in data or MC. The values
µpre−tag and µpost−tag describe the number of signal events in data divided by the number of
signal events in MC simulation (referred to as the signal strength) before and after tagging,
respectively.

To measure µpost−tag, events with at least one large-R jet identified as a Z-boson candi-
date are selected and the mass of the leading pT large-R jet is used to determine the signal
strength in a likelihood fit. As already mentioned, two processes with Z → bb̄ were used to
measure both signal strength parameters:

Z + γ: The trigger single photon transverse energy threshold was ET > 120 GeV in 2015 and
increased to 140 GeV in 2016-2018 [80].

The leading-pT large-R jet fulfilling the following requirements is identified as the Z-
boson candidate: pT > 200 GeV, a jet mass above 50 GeV, 2mZ→bb̄/pT < 1.0 to ensure
that Z-boson candidate decay products are contained inside the R = 1.0 cone, contains
at least two ghost-associated VR track-jets with pT > 7 GeV and pass the X → bb̄ tag-
ger requirement at the 60% efficiency WP. The Z−boson candidate is further required
to be well separated from the photon (∆φ(jet,γ) > π/2). The main background in the
Z(→ bb̄)γ measurement is γ+jets. Contributions from Z+jets, where a jet is mistakenly
reconstructed as a photon, in addition to the Wγ, and tt̄γ processes, are small.

Z+jets: The analysis uses unprescaled single large-R jet triggers [118, 121] which evolved over
the Run-2 data-taking periods to adjust to machine conditions by increasing the jet pT
threshold and introducing a jet mass requirement. Events are required to have at least
two large-R jets with pT > 200 GeV and |η| < 2.0 and no electrons or muons with
pT > 25 GeV and |η| < 2.5. Additional requirements are applied to the large-R jets
to suppress the mis-modelling of multijets and to reject backgrounds, these cuts are
inspired on the hadronic VV search analysis presented in Sections 2 and 3:

– pT,1−pT,2
pT,1+pT,2

< 0.15, where pT,1 (pT,2) is the transverse momentum of the (sub-)leading
large-R jet,

– |∆y1,2| < 1.2, the rapidity difference of the leading and sub-leading large-R jets.
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The leading-pT large-R jet is required to fulfill the requirement pT > 450 GeV (due to
the trigger selection), a jet mass above 50 GeV, to contain at least two ghost-associated
VR track-jets with pT > 7 GeVand to pass the X → bb̄ tagger requirement at the 60%
efficiency WP to be identified as the Z-boson candidate. The dominant source of back-
ground in the Z(→ bb̄b)+jets measurement is multijet events, with small contributions
of W(→ qq̄′) + jets and tt̄ events.

To measure µpost−tag, the signal region is defined by a mass window requirement of 50 <
mZ→bb̄ < 150 GeV of the tagged Z-boson candidate.

The use of Z → bb̄ events to measure µpre−tag is extremely difficult due to the over-
whelming background before tagging. Therefore µpre−tag is obtained using the (Z → `+`−)+jets
and (Z → `+`−)+γ processes, which exhibits a substantially smaller relative background
contribution. The number of Z → bb̄ events in data before tagging can be estimated at the
first order as:

Ndata
Z→bb̄ = NMC

Z→bb̄ ·
Ndata
`` − NMC

bkg,``

NMC
Z→`+`−

, (4.2)

where NMC
Z→bb̄ is the number of Z → bb̄ signal events in MC before tagging, Ndata

`` is the total
number of selected events in data, NMC

bkg,`` is the number of background events predicted by
MC simulations and NMC

Z→`+`− is the number of Z → `+`− signal events predicted by MC
simulation. Thus, µpre−tag can be calculated as:

µpre−tag =
Ndata
`` − NMC

bkg,``

NMC
Z→`+`−

, (4.3)

and depends only on the yields obtained in the Z → `+`− channel. The Z → `+`− selection
closely follows the kinematic selection used for µpost−tag measurements in order to ensure
compatibility in the definition of the Z-boson candidate.

The multijet and γ+jets backgrounds are determined using data-driven techniques, us-
ing classes of exponential and polynomial functions of 2nd to 5th order. Other backgrounds
and signal are modelled using MC simulations. Techniques differ for the µpre−tag and µpost−tag
measurements. For the µpost−tag measurement a likelihood fit to the Z → bb̄ mass distribu-
tion is performed, while for the µpre−tag measurement only signal and background yields
need to be extracted. Figure 4.8 shows the shows the Z → bb̄ candidate invariant mass dis-
tribution after the fit and applying the X → bb̄ tagger requirement at 60% working point.
The pulls, defined as data minus fitted model prediction divided by the data statistical un-
certainty, are mostly within three standard deviations.

The SFs are measured as a function of the Z-boson candidate pT. Four bins are defined
based on the number of events observed in data: 200 < pT < 450 GeV, 450 < pT < 500 GeV,
500 < pT < 600 GeV and 600 < pT < 1000 GeV. The SF in the first pT bin is measured
using the Z(→ bb̄)γ events and the SFs in the last three pT bins are measured using the
Z → bb̄ +jets events. The scale factors are illustrated in Figure 4.9. The main systematic
uncertainties for the Z(→ bb̄)γ selection are the Z-boson modelling, the spurious signal and
the jet energy scale. The statistical uncertainty represents around 65% of the total error. In
the case of the Z → bb̄ jets selection, the main systematic uncertainties are Z+jets mod-
elling, the uncertainty on the fit model and jet energy and mass resolution/scale; while the
statistical uncertainty represents around 30-35% of the total error, depending on the Z-boson
candidate pT.

These calibrations are now available to be used by ATLAS Run-2 analyses using boosted
H → bb̄ topologies and more generally boosted bb̄ topologies since the X → bb̄ tagger’s
large-R jet mass correlation is very small [30].
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FIGURE 4.8: The Z → bb̄ candidate invariant mass distribution after the fit
and applying the: (a) Z(→ bb̄)γ selection for 200 < pT < 450 GeV and (b,c,d)
Z → bb̄ +jets selection and the X → bb̄ tagger requirement at 60% working
point for events with the large-R jet (b) 450 < pT < 500 GeV (c); 500 < pT <

600 GeV and (d) 600 < pT < 1000 GeV range [30].
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FIGURE 4.9: Signal efficiency scale factors for X → bb̄ tagger at 60% efficiency
working point [30].

4.4 Summary and SM Higgs global context

This chapter briefly described the first measurement of the Higgs boson production in as-
sociation with a W or Z boson in the bb̄ decay channel at high transverse momentum with
the ATLAS experiment at

√
s = 13 TeV. Preparations for the legacy Run-2 boosted H → bb̄

analyses were also discussed. The observation of the H → bb̄ channel and the start of its
precision measurements era was one of the major results in the Higgs boson saga in Run-2.
But there are many more. Since its discovery in 2012 more than 30 times as many Higgs
bosons have been recorded by the ATLAS and CMS experiments, each, allowing to improve
the precision of the measurements and have access to many decay channels and production
modes. Globally this is the current status:

• All main production and decay modes have been observed

• First hints of rare Higgs decays have been seen (H → µµ)

• Total and differential cross sections have been measured and used to extract informa-
tion on the Higgs couplings to fermions and vector bosons and put constraints in EFT
models (and therefore on indirect searches for new physics)

• Kinematic dependence of production cross sections has been studied in particular for
the discovery channels: H → γγ, WW, ZZ

• Progress on setting the baseline for di-Higgs studies

For the 10 years anniversary ATLAS performed an ambitious combination of the latest
SM Higgs analyses including the following channels targeting several production modes:
γγ, ZZ, WW, Zγ, bb̄, ττ, µµ, cc̄ and invisible [9]. Almost all measurements included used
the full Run-2 dataset collected by the experiment. The global signal strength measure-
ment has an SM compatibility of 39%: µ = 1.05± 0.06 = 1.05± 0.03(stats.)± 0.03(exp.)±
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FIGURE 4.10: Measured STXS cross-sections in different kinematic regions for
the latest ATLAS global Higgs analyses combination performed [9].

0.04(sig.th.) ± 0.02(bkg.th.). It is worth mentioning that experimental and theory uncer-
tainties are half of the ones obtained in Run-1 combinations thanks to three main raisons:
more statistics, better upgraded detectors, extensive use of machine learning and improved
detector objects reconstruction and calibration despite de high Run-2 pile-up conditions.
STXS cross-sections were measured in 36 kinematic regions and the results are shown in
Figure 4.10.

The results for the Higgs couplings are shown in Figure 4.11. The κ framework [199]
was used in this case, where coupling modifiers κ are used to quantify the Higgs couplings
deviations from the SM predictions. In general good compatibility with the SM was found.
Previous ATLAS and CMS combinations also interpreted the results in terms of EFT-based
frameworks. The global move to constrain EFTs rather than signal strengths for couplings
represents a new, more comprehensive phase in SM tests at the LHC and the full set of
results for the previous combinations can be found in Refs. [22, 165].

There has been great progress in understanding the Higgs boson mechanism since its
discovery. A decade of measurements has strengthened the hypothesis that its properties
are in agreement with the BEH predictions but the full story is not known yet (more in next
Chapter) and exciting times ahead with the start of Run-3, the HL-LHC phase and possible
future colliders!
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detected non-SM Higgs boson decays. The best-fit value for each measure-
ment is indicated by a cross while the SM hypothesis is indicated by a star.
(b) Higgs boson coupling strength modifiers and their uncertainties as a func-
tion of their masses. Loop-induced processes are assumed to have the SM
structure, and Higgs boson decays to non-SM particles are not allowed [9].
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Chapter 5

Conclusion and outlook

The particle content of the Standard Model was completed in 2012 with the discovery of
the Higgs boson. A decade of measurements has strengthened the hypothesis that the
Higgs properties are in agreement with the electroweak symmetry breaking mechanism
in the SM, the BEH predictions. However, an important number of fundamental physics
questions remain unanswered and due to its exceptional role in the SM, the study of the
EWSM mechanism and the Higgs boson itself might be the path to new physics. This docu-
ment explored several routes to discovering new physics using diboson topologies (includ-
ing vector bosons W, Z and Higgs bosons), so tightly related with the EWSM mechanism.
First, we described the direct search for new resonances decaying to VV and VH, with
V = W, Z and considered the use of boosted boson tagging methods to extend the sensitiv-
ity of these searches to higher resonance masses. Second, we delved into indirect searches of
new physics, looking for data deviations from the simulation prediction in the vector boson
associated production of the Higgs boson, VH, H → bb̄. We reviewed how measurements
of the VH production can be optimised in the high transverse momentum regime following
the use of boosted boson tagging methods and set constraints on new physics using the EFT
frameworks.

At the end of each chapter we discussed the state of art for each one of these studies,
how they situated in the global physics program at the LHC and provided hints of near
future possible improvements. In this chapter we will briefly explore the longer-term ex-
pectations for future LHC runs, as well as interesting new studies to lead the way to-
wards a better understanding of the electroweak symmetry breaking mechanism using
dibosons. The troy horses that will be needed are: more data, improved analysis strategies
and objects reconstruction and calibration techniques and detector upgrades adapted to
the harsh LHC’s collision environment.

5.1 More data

The LHC plan includes operations for another 20 years (see Figure 5.1). The analyses pre-
sented in this document used data from Run-1 and Run-2. During Run-3, started during
the summer of 2022, the integrated luminosity in pp collisions should reach between 200
and 300/fb before a long shutdown that will prepare the accelerator for a high-luminosity
running phase (HL-LHC). The HL-LHC should deliver 3000 fb−1 in ten years with peak
luminosities of 5-7.5×1034 cm−2 s−1 and up to 200 collisions per bunch crossing.

The dataset expected to be collected in Run-3 and HL-LHC, will increase the sensitivity
of the analyses presented here. Extrapolations dating back to 2019 (and based on early
analysis techniques and object reconstruction performance) reported expected upper limits
on the signal cross section times BR for HVT W ′ and Z′ to be 4.3 TeV with 300/fb and 4.9
TeV with 3/ab of pp collisions [148] for the VV → `νqq channel. For the Bulk graviton the
expected limits were estimated as 2.8 and 3.3 TeV at 300/fb and 3/ab [148]. The values at
3/ab showed an expected increase to the sensitivity of the search to the benchmark signals
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FIGURE 5.1: Long-term LHC schedule, showing the expected evolution of
the peak and integrated luminosities in pp collisions, as well as the long shut-

down (LS) periods. From Ref. [201].

by 1 TeV with respect to the limits in the semileptonic channel in the early Run-2 analyses
presented in this document. Searches in the ``qq and fully hadronic decay channels are
expected to have similar sensitivities at high masses, following the observation in the ATLAS
searches with Run-2 data.

Regarding the VH SM analysis, with 3000/ab collected during HL-LHC a dataset of
around 200 million Higgs bosons will be produced, from which more than half will be de-
caying via H → bb̄. This large dataset should allow a precise study of the kinematics of
Higgs boson production and decays. Extrapolation performed from VH, H → bb̄ results
obtained with the 2015-2017 80/fb datasets show an improvement of the signal strength
measurement precision by a factor 2.5-3 in the uncertainty of the measurement [145]. More-
over, more precise measurements of kinematic observables such as the higher transverse
momentum can probe possible deviations induced by new phenomena [145].

5.2 New physics analysis strategies

A decade of measurements of Higgs boson properties confirms the existence of this scalar
field, but its doublet structure and the shape of the associated potential remain largely un-
known. The BEH mechanism implies the existence of a Higgs boson self-interaction, HHH,
and its interactions with vector bosons, VVH and VVHH, whose strengths are tightly inter-
connected in the model. The study of the di-Higgs boson gluon-fusion and VBF production
will be fundamental to understand the nature of the Higgs boson and of EWSB and discover
or tightly constrain BSM models. This topic is very interesting to me for two reasons. First,
the analysis of the full Run-2 and Run-3 data sets and the use of boosted Higgs taggers will
increase the experimental sensitivity on di-Higgs production cross section. Second, a global
combination including diboson, single Higgs and di-Higgs inputs will improve the current
constraints on EFT interpretations. As the underlying dynamics of new physics is not really
known and the impact of new interactions with SM particles can be subtle, it is important
to combine as many measurements as possible across the full spectrum of the LHC research
programme.

In the meantime and while waiting for the Run-3 and HL-LHC, another approach to im-
prove the current results is to diversify the Run-2 analysis to cover non-explored channels
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and new corners of the phase-space. In spring 2021, I got involved in the development of an
analysis measuring the fully hadronic VH, H → bb̄ process using the dataset accumulated
at Run-2 with an a PhD student at UPC/LPNHE I am co-directing, Yajun He. The analysis
targets the high transverse momentum regime and uses large-R jets, jet-substructure infor-
mation and the NN X → bb tagger calibrated as part of Yajun’s qualification task, described
in Section 4.3. The analysis is made in collaboration with teams from SLAC, BNL, Uni-
versity of Massachusetts and Santa Cruz Institute of Physics. Its large cross-section bring
the potential to reach higher transverse Higgs momentum but it comes with the challenge
of a large multijet background. It will then be interesting to combined this analysis with
the semileptonic VH, H → bb̄ topologies in order to understand their complementarity in
the parameter space. This will allow us to better prepare the analyses and reconstruction
algorithms for Run-3 and beyond.

5.3 Improved object reconstruction

Increasing the sensitivity of these analyses can also be achieved through objects performance
improvements, increasing the identification efficiency of certain objects for a given level of
background rejection, for example, or through the reduction of certain systematic uncer-
tainties (some reduction scenarios are already taken into account in the prospective studies
mentioned above). Some examples of performance improvements were already mentioned
in previous chapters, i.e. the reduction, by a factor of about 2, of the uncertainty on the en-
ergy scale of large-R jets, thanks to the use of in situ calibration techniques in Section 1.4.4
or the new UFO W/Z taggers defined using machine learning techniques [87] mentioned in
Section 2.4.

As one of the current conveners of the Jet/Etmiss group in ATLAS (started in October
2021) my focus in the next couple of years will be on scrutinizing and providing support
to a large number of performance analyses and new developments, such that good qual-
ity results can be obtained in a timely manner. Two of the main goals of the group work
in 2022 and 2023 will be to finalize the jet inputs, calibration and tagging recommenda-
tions for Run-2 legacy physics analyses and to update those recommendations for the first
physics analyses using Run-3 data. Beyond my current role within the jetEtmiss group, I
continue my involvement in boosted hadronic boson taggers development, their calibration
and derivation of corresponding uncertainties. Current multivariate boosted boson taggers
using ML are based on high-level jet substructure and b-tagging information. Recent stud-
ies have shown an important performance improvement of such taggers when using the
kinematic properties of the jet’s constituents instead, like ParticleNet [23, 208] and Lund-jet
plane [172, 173]. This is possible since the models can access a superset of the information
not contained in any set of high-level quantities. For example, the Lund-jet plane is the two-
dimensional space of the momentum fraction and opening angle for the gluon emissions
relative to the primary quark or gluon core inside a jet, so it directly accesses the jet com-
ponents information instead of high-level information as jet substructure variables. Such
tagger can connect directly with individual regions of the phase space, facilitating also the
evaluation of associated systematic uncertainties.

5.4 Upgrade our detectors

Another important ingredient to increase the sensitivity of the analyses that constitute the
LHC physics program and to even extend such program is the instrumentation R&D. The
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high luminosity foreseen for the HL-LHC implies a much harsher environment than in Run-
2 for the ATLAS sub-detectors. Indeed high luminosity means higher event rate, more pile-
up events and higher radiation doses and fluences. To cope with the severe data taking con-
ditions expected at the HL-LHC several upgrades to the ATLAS detector are planned. The
LPNHE group is committed to one of these upgrades: a complete new silicon only tracker
called the Inner Tracker (ITk). ITk will have to not only guarantee the same (or better) level
of performance of the current ATLAS Inner Detector but also expand the tracking coverage
beyond the current |η| = 2.5 to |η| = 4.0 (see Figure 5.2). A good tracker will be essential for
b-tagging and jet reconstruction in the HL-LHC era. Since early 2018 I got involved in the
ITk group activities, actively contributing to the silicon pixel module assembly and charac-
terisation effort. My activities were mainly related with gluing, metrology and support for
measurement campaigns on test-beam at CERN and DESY. LPNHE in collaboration with
CEA-Saclay and IJClab have engaged to participate in the pixel module production phase
that will start in 2023-2024. Beyond that period I hope to have the opportunity to exploit
this detector and its performance in terms of tracking, vertexing and flavour tagging for
precision measurements and discoveries.

FIGURE 5.2: A schematic representation of the new internal detector pro-
posed for the HL-LHC as a function of the distance to the interaction point
along the beam axis (distance z) and the radius in transverse plane (distance

R). From Ref. [37].

5.5 Before closing

The analyses, performance and detector activities presented in this document and the ongo-
ing ones mentioned in this last chapter are vital steps in a long journey towards measuring
the properties of the SM particles like the Higgs boson exploring the possibilities of new
physics. At the time of writing, all the data accumulated at Run-2, i.e. 139 fb-1 of data
at 13 TeV, is being analysed and Run-3 just started a couple of months ago. Many results
should therefore be made public in the coming months. Run-3, which will multiply the data
by a factor of about two, and the HL-LHC, which will increase the data set tenfold, will
eventually increase the sensitivity of existing analyses.
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As physicists we enhance our algorithms, improve our understanding of background
processes, upgrade our detectors and collect more data, venturing ever further into un-
charted territory where new physics may await. We do it, while creating new and strength-
ening already existing scientific collaborations. We do it while training the new generations
of scientists to the best of our abilities. I strongly believe that scientific and educational
capacity building, for academia and beyond it, as well as the connection with the wider so-
ciety are fundamental to us, scientists, to achieve high quality, international and responsible
science based on principles of equity, diversity and inclusion.

We started the introduction to this document with the following statement "we hope new
information from experiments at the LHC will help us to find more of these missing pieces"
and indeed that’s certainly my hope, but what if that’s not the case? Exploratory studies are
necessary to ensure a solid scientific case is made for future experiments. Hopefuly the LHC
and HL-LHC will help us to address some of the current open questions in the field and to
define the strategy for the next facility to explore the energy frontier in particle physics.
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Appendix A

Teaching and student supervision

A.1 Teaching

• 02/2021-06/2021 and 02/2022-06/2022: «Scientific Instrumentation» course for LA-
CoNGA physics. Common course for 8 universities in Colombia, Ecuador, Peru and
Venezuela (2 semesters). More information about the course can be found at «Scientific
Instrumentation» syllabus

• 2019-2020: « Physics I » for 1st year engineering students. IPSA- Ecole d’ingénieurs
aéronautique et spatiale, Paris, France (3 semesters)

• 09/2014-09/2017: Virtual course of introduction to particle physics for first year mas-
ter students in physics. It is the first course of this type taught in Venezuelan, Colom-
bian and Peruvian universities. The notions of Standard Model, principles of detectors
and data analysis in particle physics are covered. This course was held once a year be-
tween 2014 and 2018 with 10-15 students per year. I participated in in the general
organization of the course, and more precisely I was in charge of the detectors sec-
tion. More information can be found at (in Spanish): http://www.cevale2ve.org (4
semesters)

• 01/2013-11/2014: Postdoctoral teaching assistant (TD), «Electrodynamics» for 1st year
bachelor physics students. Université de Genève, Geneva, Switzerland (3 semesters)

• 02/2005-02/2008: Undergraduate teaching assistant (TD/TP), « Mathematical meth-
ods for physicists» (linear and multilinear algebra, complex analysis) for 3rd years
physics bachelor and Kinematic, Mechanics and Optics laboratory for 1st and 2nd
year physics and engineering bachelor students. Universidad de Los Andes, Mérida,
Venezuela.

A.2 Student supervision

A.2.1 PhD level

• Yajun He. Co-directing with Giovanni Calderini. Started her thesis in October 2019:
« Identification of boosted higgs bosons for searches of new physics and improvement
of the ATLAS tracker for high luminosity phase of LHC ». Thesis defense expected in
Autumn 2022.

During my time (and until mid-2018) as a postdoctoral researcher at the University of
Chicago within David Miller’s group, I contributed to the supervision of the following stu-
dents:

http://laconga.redclara.net
http://laconga.redclara.net
https://laconga.redclara.net/courses/modulo-instrumentacion/modulo-instrumentacion.html
https://laconga.redclara.net/courses/modulo-instrumentacion/modulo-instrumentacion.html
http://www.cevale2ve.org
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• Joakim Olsson, « Searching for Supersymmetry in Fully Hadronic Final States with
the ATLAS Experiment ». Worked together on a search for electroweak production
of a chargino-neutralino pair, decaying into SM-quarks via a W boson and a SM-like
125 GeV Higgs boson, performed using an integrated luminosity of 36.1/ fb at 13 TeV,
Phys.Rev. D100 (2019) no.1, 012006. Defended his thesis in September 2018. Currently
postdoc at UC Irvine, US.

• Giordon Stark, « The search for supersymmetry in hadronic final states using boosted
object reconstruction ». Worked together on global Feature EXtractor (gFEX) perfor-
mance studies between 06/2015 and 12/2017. gFEX is a project of the L1Calo phase-I
upgrade of the ATLAS detector. Defended his thesis in April 2018. Currently postdoc
at UC Santa Cruz, US.

• Miles Wu, « Measurement of Collinear W Boson Emission from High Transverse Mo-
menta Jets Using the ATLAS Detector ». Worked together on the measurement of the
jet mass in high transverse momentum Z(bb̄) production at 13 TeV using the ATLAS
detector, Phys. Lett. B 812 (2020) 135991 between 06/2015 and 12/2016. Defended his
thesis in March 2017. Currently working on financial services.

During my time as postdoctoral researcher at the University of Geneva, within Giuseppe
Giacobucci’s group, I contributed to the thesis supervision of Chris Delitzsch. Supervision
was then continued by a colleague, Steven Schramm, and we continued collaborating in
several projects afterwards.

• Chris Delitzsch, « Search for Diboson Resonances in the Fully Hadronic Final State
Using Jet Substructure Techniques in 8 and 13 TeV Proton-Proton Collisions with the
ATLAS Detector ». Worked together on several topics during her thesis, including but
not limited to jet calibration and tagging and the search for hadronically decaying VV
resonances at 8 and 13 TeV between 01/2013 and 12/2018. Defended her thesis in De-
cember 2016. Currently working as postdoctoral researcher at Technische Universitaet
Dortmund, Germany.

A.2.2 Master level

• Rafael Vinasco Soler, Universidad Nacional de Colombia, in the context of the LA-
CoNGA physics program: « Development of a boosted boson tagger using Lund Jet
plane information », March 2021-Present. Supervisors : Reina Camacho Toro, Mykola
Khandoga (LPNHE/CNRS), Carlos Sandoval (Universidad Nacional de Colombia,
Colombia)

• Yajun He, Université Paris Diderot, in the context of the NPAC (Nuclei, Particles, As-
troparticles and Cosmology) M2 master: « Identification des bosons de Higgs boostés
pour la nouvelle physique », May-June 2019. Supervisor: Reina Camacho Toro

• Raphaël Bajou, Université Paris Diderot, M1: « Performance of pixel sensors before
and after irradiation using testbeam data taken at Fermilab, Chicago», June-July 2018.
Supervisors: Reina Camacho Toro and Marco Bomben (LPNHE/CNRS). Raphaël fait
actuellement son doctorat dans l’APC Paris, dans l’experience DUNE.

A.2.3 Bachelor level

• Mariana Vivas, Universidad Central de Venezuela: « Comparative analysis of ML
techniques for new physics searches in dijet events using open data from the LHC

https://arxiv.org/abs/1812.09432
https://indico.cern.ch/event/757658/
https://indico.cern.ch/event/724754/
https://arxiv.org/abs/1907.07093
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Olympics: a reproducible and open study », September 2020-October 2022. Supervi-
sors: Reina Camacho Toro, Camila Rangel (The Turing Institute, UK), José Antonio
Lopez (Universidad Central de Venezuela, Venezuela)

• Laura Caviedes Betancourt and Juan David Villamil Santiago, Universidad Nacional
de Colombia, in the context of the LA-CoNGA physics program: « First look at the
CI/CD workflow for the event selection of Z+jets calibration ». March-July 2021. Su-
pervisors: Reina Camacho Toro, Yajun He, Carlos Sandoval (UNAL).

• Muriel Vilage, Université Paris Diderot, L3: « Mesures de grandeurs électriques à
différentes températures de diode en silicium irradiées ayant pour but d’étudier la
dépendance de la température au courant de fuite ». June-July 2019. Supervisors :
Marco Bomben (LPNHE/CNRS) and Reina Camacho Toro

• Sarah Kroeker, in the context of the summer student program from Fresno State Uni-
versity, US (based at CERN): « Development of jet reconstruction algorithms for gFEX ».
July-September 2016. Supervisors: Reina Camacho Toro and Giordon Stark.

• Claudia Clarke, in the context of the summer student program from Université de
Genève, Switzerland (based at CERN): « Study of the Higgs boson decay into b quarks
in the boosted regime ». July-September 2014. Supervisor: Reina Camacho Toro

• Loic Chagot, l’Université Blaise Pascal, Clermont Ferrand in the context of the JANUS
program: « Étude de la désintégration du quark top ». July-August 2011. Supervisor:
Reina Camacho Toro.

A.3 Teaching and students supervision training followed

• Echanges de pratiques entre encadrants de doctorants. Association Bernard Gregory
(ABG). France. April 2020 (2 hours).

• Management d’un projet doctoral. Institut de formation doctorale, UPMC-Sorbonne
Universit’es. 2019 (2 days).

• Conseil collectif d’encadrants. Sorbonne Université. 2019 (4 half days).
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Appendix B

Other responsabilities

B.1 Within the ATLAS Collaboration

• 10/2021-Present, convener of the jetEtmiss group. 2 years position. Two of the main
goals of the jetEtmiss group work in 2022 and 2023 will be to finalize the jet inputs,
calibration and tagging as well as MET recommendations for Run-2 legacy physics
analyses and to update those recommendations for the first physics analyses using
Run-3 data. Currently the group is composed of around 100 people.

• 10/2019-09/2021, convener of the Flavour Tagging Calibration subgroup. I was re-
sponsible for the coordination and supervision of all results of this subgroup related
to the calibration of the b-tagging algorithms used by the collaboration. At the time of
the convenership, the subgroup included about 10 analyses and about 30 people. Dur-
ing my convenership 2 papers, 4 conference notes and 2 rounds of recommendations
for ATLAS analysers were produced using Run-2 data.

• 03/2019-02/2021, Member of the Early Career Scientist Board (ECSB) of ATLAS. The
ECSB is a special advisory group dedicated to helping the ATLAS collaboration create
an environment where the full scientific potential of young scientists can be realized.

• 04/2016-04/2017, convener of the Dibosons, Multileptons and Extra Dimensions (DBL)
subgroup belonging to the Exotics group. I was responsible for the coordination,
supervision and pre-approval of all results of this subgroup. The main goal of this
subgroup was to explore the search for diboson and leptonic resonances in different
topologies/decays. During my mandate, I guided and supervised 10 different anal-
yses, 7 of them were the subject of public notes presented in conferences. The group
was composed of around 50 members.

• 01/2015-07/2016, coordinator for the X → bb̄ performance taskforce, a team at the
time under the supervision of the ATLAS Jet Substructure and Tagging Performance
and Flavour Tagging Groups. A team of around 15 members working on the optimi-
sation and calibration of tagger for bb̄ topologies, targeting in particular Higgs and Z
boson decays.

• Publication editor, member of editorial boards on the jetEtmiss , Exotics and Higgs
groups.

• Member of search committees for Publications Committee members (2018), ECSB mem-
bers (2020) and the conveners of the physics groups (2021)
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B.2 Organization of workshops, conferences and other events

• ATLAS Hadronic Calibration Workshop (HCW). Scientific Committee. Convener of
the ATLAS jetEtmiss group. August 30-September 2, 2022. Cambridge, UK.

• Member of the organizing committee of the 1st LA-CoNGA physics Network School.
Bucaramanga, Colombia. December 2021

• Member of the local organizing committee for the Higgs Hunting 2021 and 2022 con-
ference. Online. September, 2021

• Member of the scientific organizing committee of the « Physique ATLAS France »
workshop 2021. Online. June-July 2021

• Organizer of the panel "Open science, shared infrastructure and collaborative net-
works: the challenge of the new higher education" at the Open Forum of Sciences
of Latin America and the Caribbean – CILAC 2021. Online. April 2021.

• Organizer of the session “Accelerators, Detectors, Instrumentation and Computing in
Latin-America”, II Latin American Strategy Forum for Research Infrastructure (LASF4RI)
: an Open Symposium for HECAP, Online, juillet 2020

• Chair of the Electroweak session, ATLAS Standard Model Workshop 2019, Belgrade,
Serbie. Septembre 2019

• Member of the local organising committee for the LPNHE Biennale meeting, Montpel-
lier, France. May 2018.

• Member of the local organizing committee for the International Workshop on Boosted
Object Phenomenology, Reconstruction and Searches in HEP (BOOST) in Paris July
2018 and Chicago in August 2015, and member of its international scientific committee
since 2019.

• Co-organiser of the LPNHE laboratory weekly meetings (known as «réunion du Ven-
dredi») (2018-2020). Also in collaboration with doctoral students and postdocs of the
laboratory I have set up the Journal Club of the laboratory in 2018.

• Organiser of the session « Standard Model » Journées de Rencontre des Jeunes Chercheurs
2018 (Lège-Cap-Ferret, France, octobre 2018) and 2019 (Logonna-Daoulas, France, novem-
bre 2019).

• Chair of the session « Supersymmetry: Models, Phenomenology and Experimental
Results » in 26th International Conference on Supersymmetry and Unification of Fun-
damental Interactions (SUSY2018), Barcelona, Spain, July 2018.

• Organiser of the session "Higgs Tagging" du workshop ATLAS Boosted Object Tagging
(ABOT). April 2016. Heidelberg, Germany.

• Organizer of the session "Jet substructure" of the ATLAS Hadronic Calibration Work-
shop 2015, September 2015, Bratislava, Slovenia.

B.3 Others

• Member of the comit’e de suivi des th‘eses du LPNHE (2021-Present)

https://indico.ijclab.in2p3.fr/event/7779/
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• 01/2020-Present, deputy scientific coordinator and CNRS representative for the Eras-
mus+ Capacity Building project « Latin American alliance for Capacity building in
Advanced physics (LA-CoNGA physics) ». Alliance composed of 11 universities from
Latin America and Europe, in order to build a virtual learning platform in advanced
physics in Colombia, Ecuador, Peru and Venezuela.

• 11/2019-11/2021. Member of the Homeward Bound project 2020-2021. Un programme
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