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1 Introduction

The Standard Model (SM) of particle physics describes the production, interaction and decays of Nature’s
smallest constituents, the elementary particles. Over time and through many experiments, the SM has
become one of the most extensively tested theories in physics. Its predictions have been experimentally val-
idated with impressive precision. The most striking example is the agreement between the SM prediction
and the experimental measurement of the electron magnetic moment. The electron magnetic moment is
the most precisely determined property of an elementary particle, and it agrees with the SM’s prediction to
within 1 part in 102 [1]. Other success stories of the SM include the predictions of the top quark and the
Higgs boson many decades before they were discovered.

With the discovery of the Higgs boson, h, in 2012 by the ATLAS and CMS collaborations at the Large
Hadron Collider (LHC) [2, 3], one missing link in the SM was finally revealed. The discovery ended an
almost fifty year long saga of searches and was one of the most important milestones for the entire disci-
pline. The Higgs boson is not just another elementary particle. Instead, it plays a central role in the SM
being the excitation of a spinless, i.e. scalar, quantum field that permeates the Universe and gives masses to
all elementary particles coupling to it.

Despite all its success, the SM can not be the ultimate theory of particle physics as it fails to provide answers
to some of the phenomena seen in Nature. Some of the most compelling shortcomings of the SM are the
lack of a description for dark matter, the large asymmetry between matter and antimatter in the observ-
able universe, fermion masses and their hierarchy, as well as the necessity for “fine tuning” the Higgs boson
mass, referred to as the “naturalness problem”. These and other considerations motivate the expectation

that physics beyond the Standard Model (BSM) must exist.

Many BSM theories have been proposed to address the open questions of the SM. A common feature of
many BSM theories is the existence of new particles with masses at the TeV scale. Heavy resonances that
dominantly decay into two bosons (such as ZZ, WEWF, W*Z, Zh, W*h, hh, or 7Y) are predicted
by many BSM theories. Prominent examples are models with dynamical electroweak symmetry breaking
or models with extra dimensions. These models are theoretically well motivated as they ofter solutions to
the naturalness problem. Di-boson resonances are also predicted in models with an extended scalar sector,
which are common in many BSM theories. These models can provide dark matter candidates or explain
the matter-antimatter asymmetry.

One of the main goals of the experiments at the LHC is to find and characterise BSM physics. Therefore,
the LHC experiments have an extensive programme of direct and indirect searches for new heavy particles.
Direct searches for new particles are typically performed by probing for excesses in the distributions of
characteristic kinematic observables, such as the invariant mass of specific final state particles. Indirect
searches are performed by precision measurements of the properties of known particles, such as their decay
rates or production cross sections. The presence of BSM particles can significantly alter these observables.
If new particles are too heavy to be directly produced at the LHC, indirect searches are the only way to find
hints of their existence. Hence, indirect searches are an important complement to direct searches.



The Higgs boson is the first elementary particle that was discovered through its decay into pairs of Z bosons,
W bosons and photons. Ten years after its discovery at the LHC, the Higgs boson has become an indis-
pensable tool to probe for new physics. This is due to its unique role in the SM as it couples to other SM
particles proportionally to their mass. This fact motivates the assumption that new heavy particles tend to
decay into intermediate states including Higgs bosons, and that Higgs bosons decay into so far unobserved
particles. Therefore, searches for new heavy particles that decay into Higgs bosons or searches for exotic
decays of the Higgs boson are well-suited to probe for new physics. Precise measurements of the Higgs
boson properties, on the other hand, are a sensitive approach to indirectly search for new physics and are
an integral part of the physics programme for the current and next generation collider experiments.

In this thesis, searches for new physics in the production of di-boson resonances with the ATLAS detec-
tor at the LHC are presented, including both direct searches for new heavy particles and indirect searches
probing the properties of the Higgs boson. A common theme of these searches is the attempt to perform
them as model independent as possible.

This document is structured as follows: Section 2 provides a brief overview of the experimental setup,
including the LHC and the ATLAS detector. It also introduces the relevant techniques for reconstructing
and identifying particles with the ATLAS detector. This section serves as a foundation for the following
content, providing the necessary background information to understand how direct and indirect searches
for BSM physics are done with the ATLAS detector. The main part of the document is in Sections 3 and
4. Section 3 details recent Higgs boson property measurements, while Section 4 describes direct searches
for heavy di-boson resonances. These sections focus on analyses efforts with strong personal contributions
from myself, butalso briefly discuss related work to give a better perspective of how my work extends and/or
complements the work done in the field. Section 5 provides a brief recapitulation of the presented work
and discusses their relevance for the community. The Appendix A outlines my other academic activities
in the course of my habilitation, while Appendix B contains the journal publications from my habilitation
work.



2 Experimental techniques

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [4] at the European Organisation for Nuclear Research, referred to
as CERN (Conseil européen pour la recherche nucléaire), is a 27-kilometre ring of superconducting mag-
nets and high-frequency acceleration cavities dedicated to accelerating and colliding hadron bunches. It
first started operation on the 1oth of September 2008, and remains the latest addition to CERN’s accel-
erator complex, which is depicted in Figure 1. The LHC is the world’s largest and most powerful particle
accelerator designed to collide protons with centre-of-mass energies, /s, of up to 14 TeV, and luminosi-
ties exceeding 10** cm™2s™!. The LHC can also collide heavy ions with an energy of up to 2.8 TeV per
nucleon and a luminosity of up to 10*” em 257! [4].

Collisions occur at up to 40 MHz, corresponding to a bunch crossing time of 25 ns, at four interaction
points, each instrumented with a large detector: ATLAS (A Toroidal LHC Apparatus) [s] and CMS (Com-
pact Muon Solenoid) [6] are general-purpose experiments, ALICE (A Large Ion Collider Experiment) [7],
which focuses on heavy-ion collisions, and LHCDb (Large Hadron Collider beauty) [8], which is dedicated
to studying B-hadrons and their properties.
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Figure 1: Schematic view of the CERN accelerator complex [9].

The LHC began operations in 2010 with proton—proton (pp) collisions at a center-of-mass energy of 7 TeV.
Run 1 continued in 2011 at the same energy. However, in 2012 the center-of-mass energy was increased to
8 TeV. In Run 2, lasting from 2015 to 2018, the LHC was operated with a center-of-mass energy of 13 TeV.
Currently in Run 3, which started in July 2022, the LHC collides protons at 13.6 TeV, with operations



expected to continue until November 2025. Following a scheduled shutdown, the high-luminosity phase
of the LHC (HL-LHC) [10] is scheduled to begin around 2029, which is expected to last until 2041.

2.2 The ATLAS Experiment

The ATLAS experiment [s] at the LHC is a multipurpose particle detector. It has a forward—backward
symmetric cylindrical geometry and a near 47 coverage in the solid angle.” ATLAS is comprised of a variety
of subdetectors: an inner tracking detector (ID), electromagnetic and hadron calorimeters, and a muon
spectrometer (MS) incorporating three large superconducting air-core toroidal magnets. A computer-
generated image of the ATLAS detector is depicted in Figure 2.

The tracking system is immersed in a 2 T axial magnetic field generated by a surrounding thin supercon-
ducting solenoid. and enables precise tracking of charged particles within the range || < 2.5. The ID
is comprised of several components: A high-granularity silicon pixel detector, covering the vertex region
and typically providing four measurements per track, often with the first hit in the insertable B-layer, is fol-
lowed by a silicon microstrip tracker (SCT), which usually provides eight measurements per track. These
silicon detectors are complemented by a transition radiation tracker (TRT), which provides radially ex-
tended track reconstruction up to |n| = 2.0. The TRT also contributes to the electron identification
based on the fraction of hits, typically 30 in total, above a higher energy-deposit threshold corresponding
to transition radiation.

The calorimeter system covers the pseudorapidity range || < 4.9. Within the region |n| < 3.2, electro-
magnetic calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr) calorime-
ters, with an additional thin LAr presampler covering || < 1.8 to correct for energy loss in material
upstream of the calorimeters. For hadron calorimetry, ATLAS uses a steel/scintillator-tile calorimeter in
In| < 1.7, sectioned into three barrel structures, and two copper/LAr hadron endcap calorimeters. The
solid angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter modules opti-
mised for electromagnetic and hadronic energy measurements respectively.

The MS uses a combination of separate trigger and high-precision tracking chambers measuring the de-
flection of muons in a magnetic field generated by the superconducting air-core toroidal magnets. The
field integral of the toroids ranges between 2.0 and 6 T'm. The region |n| < 2.7 is covered by three layers
of precision chambers, each consisting of layers of monitored drift tubes complemented by cathode-strip
chambers in the forward region, where the background is highest. The muon trigger system covers the
range |n| < 2.4 with resistive-plate chambers in the barrel, and thin-gap chambers in the endcap regions.
Potentially interesting collision events are recorded based on a two-level trigger system. The first level, im-
plemented in hardware, uses a subset of detector information and accepts events at a rate below 100 kHz. A
subsequent software-based trigger further reduces the accepted event rate to an average of 1 kHz depending
on data-taking conditions. This second-level trigger uses reconstruction and calibration algorithms similar
to those used offline. An extensive software suite [12] is used for real and simulated data reconstruction and
analysis, for operation and in the trigger and data acquisition systems of the experiment.

"ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The z-axis points from the IP to the centre of the LHC ring, and the y-axis points up-
wards. Cylindrical coordinates (r, ¢) are used in the transverse plane, ¢ being the azimuthal angle around the z-axis. The
pseudorapidity is defined in terms of the polar angle # as 7 = —Intan(6/2). Angular distance is measured in units of

AR = \/(An)? + (A¢)? [s].
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Figure 2: Computer-generated image of the entire ATLAS detector [11].

The studies presented in this document are based on data recorded with the ATLAS detector between 2015
and 2018 in pp collisions at a center-of-mass energy of y/s = 13 TeV and bunch spacing of 25 ns. The data
are required to satisfy criteria that ensure that the detector was in good operating condition [13]. Figure 3
shows the distributions of the cumulative luminosity versus time recorded by ATLAS during the LHC
Run 2 as well as the mean number of interactions per bunch crossing for the 2015 — 2018 pp collision data

taking periods.

2.3 Particle detection and identification
2.3.1  Tracks, vertices and clusters

Charged particle tracks are reconstruction in the ID by combining space-point measurements in the
pixel, microstrip and TRT detectors [15]. Track candidates with pr > 400 MeV are fitted, according to the
pion or electron hypothesis depending on various quality requirements [16] using the ATLAS Global x?
Track Fitter [17].

Collision vertices arereconstructed from atleast two ID tracks, each with a transverse momentum pr >
500 MeV. The reconstruction procedure is based on two stages: vertex finding and vertex fitting [18, 19].
The vertex finding procedure first associates reconstructed tracks to the vertex candidates. The vertex fitting
procedure then determines the actual vertex position and its covariance matrix, estimates the quality of the
fit, and performs a refit of the incident tracks. Among all reconstructed vertices, the one with the highest
P sum of all associated tracks is chosen to be the primary vertex (PV) of the event.



T T T ] T T T T 7] (600 ) 22 L L L L L L L B

o160 i
[ ATLAS s =13 Tev ATLAS Online, 13 TeV ILdt=146.9 fo?
%1405Prellmmary 500 2015: <p> = 13.4
.g 120i [l LHe pelivered 32'&27&2‘3{; 11?16722" 2813 :u: = ;i;
E [ [JATLAS Recorded 400 S<p>=37.

2018: <p>=36.1
Total: <u> = 33.7

em

300

200

Recorded Luminosity [pb™0.1]

100

Total Integrated Lu
3
‘TTY[TYT‘TYT{TTT‘

11llllllllllllllllllllllllll

uoneIqEd 6T/Z

LA L R R I B L I R N R

uoneied 6T/Z

TT

I |
a0 WO w \\’53'&“ e 3w ‘xﬁw\ w w " o By e

Month in Year

(a) (b)

10 20 30 40 50 60 70 80

Mean Number of Interactions per Crossing

Figure 3: Distributions of (a) the cumulative luminosity versus time delivered to ATLAS (green) and recorded by
ATLAS (yellow) during stable beams for pp collisions at 13 TeV centre-of-mass energy in LHC Run 2, and (b) the
luminosity-weighted distribution of the mean number of interactions per bunch crossing for the 2015 — 2018 pp
collision data at 13 TeV centre-of-mass energy [14].

Three-dimensional topo-clusters are massless objects built via a nearest-neighbour algorithm using
calorimeter cells as input [20]. Cells are added to a topo-cluster if their energy content is significantly larger
than the expected noise contribution. Such topo-clusters are used in the reconstruction of electrons, pho-
tons, jets, and hadronically decaying 7-leptons. The nearest-neighbour algorithm attempts to detrmine the
energy and directions of incoming particles by exploring the spatial distribution of the cell signals.

For the electron and photon reconstruction, variable-sized superclusters [21] are formed from topo-clusters
using a two-staged approach: in the first stage, a seed cluster is selected from a list of EM topo-clusters; in
the second stage, EM topo-clusters near the seed are identified as satellite clusters, which may arise from
bremsstrahlung radiation or splitting of topo-clusters. The final superclusters are obtained by adding the
satellite clusters to the seed cluster if they satisfy the necessary selection criteria [21].

2.3.2 Leptons, photons and jets

Electrons are reconstructed from ID tracks matched to variable-sized superclusters in the electromag-
netic calorimeter. The Electron candidate tracks are re-fitted based on a gaussian-sum filter* (GSF) [16, 23]
to account for non-linear effects related to the energy loss of charged particles via bremsstrahlung. The
electron candidates are required to satisfy selection requirements on the transverse impact parameter sig-
nificance, |dy|/o(dp) < 5.0, and on the longitudinal impact parameter, |2 sin(d)| < 0.5 mm. These
requirements ensure that the electrons originate from the PV. Prompt electrons entering the tracking vol-
ume of the detector (|1| < 2.47) are identified using a likelihood-based (LH) algorithm [24]. The inputs
to this algorithm are based on measurements from the tracking system, the calorimeter system, and ob-
servables that combine both tracking and calorimeter information. Furthermore, electrons also have to be
isolated from hadronic activity in the event. Both, calorimeter- and track-based isolation criteria [21] are
used to reduce the number of hadrons and soft electrons that arise from heavy-flavour decays and that are
misidentified as prompt electrons.

*The GSF method is based on a generalisation of the Kalman filter [22].



The electron energy resolution is improved using a multivariate regression algorithm that is based on the
properties of the shower development in the electromagnetic calorimeter. The absolute energy scale and
energy resolution of reconstructed electrons are then adjusted to achieve agreement between data and sim-
ulation for the invariant di-electron mass distribution. These corrections are measured as a function of
the transverse electron energy and the electron pseudorapidity in data using Z — e*e™ decays. The un-
certainties on these measurements are dominated by pile-up and material effects, and range up to a few
per-mille [25]. The Z — eTe™ decays are also used to calibrate the electron reconstruction, identifica-
tion, isolation, and trigger efficiencies. The measurements of these quantities are based on a tag-and-probe
method: One electron, i.e. the zag, is required to satisfy strict identification criteria and to have passed
the trigger. The second electron candidate in the pair, i.e. the probe, is used to test the efficiency of the
reconstruction procedure, trigger, and selection requirements [16, 26]. The uncertainties in the measured
efficiencies are at the per-cent level for electrons with an Er of around 20 GeV and reach the per-mille level
for electrons with an Et around 50 GeV.

Muons are reconstructed by matching ID tracks to either full tracks (combined muons) or track segments
(segment-tagged muons) in the MS, and performing a combined track fit using hits from both subdetectors
as well as the energy loss in the calorimeters®. Objects passing the reconstruction procedure are identified as
high-quality muon candidates using specific requirements on the number of hits in the different ID subde-
tectors and different MS stations, on the track fit properties, and on variables testing the consistency of the
individual measurements in the two detectors [27]. In addition, the muon candidates have to fulfil impact-
parameter requirements: |dy|/o(dp) < 3.0 and |2 sin(é)| < 0.5 mm to ensure that they originate from
the PV. Like electrons, muon candidates must pass dedicated isolation requirements [27].

The muon reconstruction, identification, isolation, and trigger efficiencies are measured in data exploiting
events containing pairs of muons suchas Z — p*u¥ or J/1 — p* uF. The measurements of these prop-
erties are done using a tag-and-probe method [27], which yields muon reconstruction and identification
efficiencies with a precision that is better than the per-mille level for muons with pr above 10 GeV in most
of the detector regions. Measurements of the muon momentum resolution and momentum scale are also
performed in samples of .J/¢» — p*p¥ and Z — p*u¥ events. The simulations are corrected to match
the data. The calibration results are then validated using an independent sample of Y — 1* 17 events.
The momentum scale is measured with an uncertainty of around 0.05% (0.1%) at the Z (J /1)) pole, and
the resolution is measured with an uncertainty of around 1.5% (2%) [28].

Photons are reconstructed from variable-sized superclusters in the electromagnetic calorimeter system [21].
Difterent approaches are used to reconstruct converted and unconverted photons. Converted photons are
reconstructed as superclusters matched to either two tracks forming a conversion vertex or a single track
without hit in the innermost pixel layer. Unconverted photons are reconstructed as superclusters matched
to neither a single track nor a conversion vertex. Prompt photons and backgrounds from hadronic ob-
jects are separated within |17| < 2.37 using dedicated identification requirements placed on observables
describing the lateral electromagnetic shower development, and the leakage into the hadronic calorimeter
system. The identification efficiency for unconverted (converted) photons ranges from around 84% (85%)
at pr = 25 GeV to 94% (98%) for pp > 100 GeV [29]. Like charged leptons, photons have to pass both
calorimeter- and track-based isolation requirements to further suppress jets misidentified as photons [21].

3As muons are minimum-ionising particles, they deposit only a small fraction of their energy in the calorimeters, leading to a
characteristic signature in the detector.



Three complementary techniques are used to measure the photon identification efficiency in intervals of
the pr and || using data [30]. The first technique probes photons from events with inclusive photon pro-
duction. The second technique selects events with photons radiated from leptonsin Z — e e~y decays.
The third technique selected events with electrons from Z — eTe™ decays, and then transforms the elec-
tron shower shapes to resemble the photon shower shapes. The results of each measurement are compared
with Monte Carlo simulations in order to obtain scale factors. These scale factors are then combined to
produce a single scale factor, using a weighted average*. The uncertainty on the combined identification
scale factors ranges from 7% to about 0.5% for unconverted photons, and from 12% to 1% for converted
photons. The uncertainties decrease as a function of the photon pr. The measurements in data are per-
formed up to a transverse energy of 1.5 TeV. The photon energy scale and resolution are corrected using
the same techniques as for the electron energy calibration. This approach is verified using radiative Z boson
decays, Z — (™, to a precision of 0.5% at worst [21, 25].

Jets are collimated bunches of hadrons that are created when highly energetic quarks or gluons are pro-
duced within the hard scatter process. Several different jet clustering algorithms have been developed over
the past decades. At ATLAS and CMS, jets are mainly clustered using the anti-£; [31] algorithm as imple-
mented in the FASTJET package [32]. The anti-k; algorithm iteratively combines reconstructed low-level
objects such as tracks of charged particles or topological-clusters in the calorimeter sytem until a final jet is
formed. The jet clustering algorithm starts by calculating the distances d;; for each pair of objects in the
event and the distances d; 5 for each particle and the beam. These distances are defined via:

-2
diB - kti )
2
R2’
where k;; and £ ; are the transverse momenta of the two objects ¢ and j, R is the radius parameter of the

final jet, and A?j = (yi — yj)* + (¢ — ¢;)?* is the angular distance between the two objects, with y and ¢
as the rapidity and azimuthal angle of the particles. The clustering algorithm proceeds by identifying the

dz] = min (k;f, k;f)

smallest distance between any two objects. If this distance is a d;;, then the objects are combined forming a
proto-jet. If the smallest distance is a d; g, then the object 7 is called a jet and is removed from the list of the
objects. All distances are then recalculated, and the procedure is repeated until non of the objects is left.
The anti-k; algorithm preferentially clusters low-k; objects to high-k; objects. As a result, objects with high
k¢ will accumulate all low k; objects within a circle of radius R, forming a perfectly conical jet. However,
if a second high-k; object is within 2 of the first high-k; object, the highest-k; object will form a conical
jet, while the other object will form a partly conical jet, missing the part overlapping with the other jet.

Over the past years, the ATLAS collaboration has used a large number of jet definitions [33, 34, 35]. Most
analyses based on Run 2 data use small-R jets (with R = 0.4) built from noise-suppressed topological clus-
ters of energy deposits in the calorimeter system. Recently, ATLAS analyses have begun to use small-R jets
built from particle-flow objects as inputs [34]. Particle-flow objects are a combination of calorimeter clus-
ters and charged-particle tracks, which allows for a more precise measurement of jet properties. Charged
particle flow objects are ID tracks matched to the primary vertex, while neutral particle flow objects are
modified topo-clusters in the calorimeter system. The jet four-momentum is corrected using pr- and 7-
dependent scale factors, accounting for the calorimeter’s non-compensating response, signal losses due to
noise threshold effects, energy lost in passive materials, and contributions from pile-up interaction [36, 37].

#The statistical and systematic uncertainties are assumed to be uncorrelated between the three methods.



To reduce the contamination from jets originating from pile-up vertices, selection requirements on dedi-
cated multivariate classifiers are applied to the jets [38, 39, 40]. These classifiers are based on calorimeter
and tracking information for jets in the central regions as well as jet shapes and topological jet correlations
in pile-up interactions for jets in the forward regions.

Large-R jets (with R = 1.0) are used to reconstruct strongly Lorentz-boosted hadronically decaying ob-
jects, including W and Z bosons as well as Higgs bosons and top quarks. The inputs to the jet clustering
algorithm are either calibrated clusters of energy deposits in calorimeter cells, or a combination of ID tracks
and calorimeter clusters [41]. A jet trimming technique [42] is used to remove the contributions that origi-
nate from initial-state radiation, pile-up interactions, or the underlying event. This is done by reclustering
the constituents of the initial jet, using the k; algorithm, into subjets with R = 0.2. Any subjet with a p
less than 5% of the parent jet pr is removed.

Another type of jets are clustered from ID tracks using a variable radius (VR) that shrinks with increasing
pr of the studied proto-jet [43]. VR track-jets are typically used to identify b-hadrons produced in the decay
of strongly Lorentz-boosted Higgs bosons, Z bosons or top quarks. These track-jets must have at least two
ID tracks compatible with the primary vertex, pr > 10 GeV and || < 2.5.

Tau leptons decay approximately 65% of the time into a final state with hadrons. The reconstruction of
hadronically decaying 7 leptons, Tha4, is seeded by jets formed using the anti-k; algorithm with a distance
parameter of 0.4, and calibrated topo-clusters as inputs. These jets are required to have a transverse mo-
mentum pr > 5 GeV and a pseudorapidity || < 2.5. Selected tracks withina cone of AR = 0.25 around
the jet axis are associated with the 7,4 candidate. A recurrent neural network (RNN) [44] is then used to
classify these tracks as either originating from a true tau decay or from one of several potential background
sources. The RNN exploits the information of multiple input quantities that describe the kinematics, ge-
ometric distribution, and hit pattern of the tracks. The number of tracks that are considered to have likely
originated from a true tau decay is used to classity the 71,,4 candidates into either of two categories: one-
prong, i.e. candidates with one asssociated track®, and three-prong, i.e. candidates with three asssociated
tracks®.

Another RNN-based algorithm has been trained to identify hadronically decaying 7 leptons and to reject
quark- and gluon-initiated jets that may resemble decays of the Taq [44]. This algorithm exploits the long
lifetime of about 2.9 - 10735 of the 7 lepton, which leads to a significant displacement in the ID. It also
uses the multiplicity of decay products and their kinematic properties. The second RNN exploits both
charged-particle tracks as well as clusters of energy in the calorimeter system. Given the distinct signatures
of one-prong and three-prong Tp,q decays, the training is performed separately for both tpologies. Four
operating points are defined based on the output score of the RNN. The identification efficiencies for
these operating points are 95% (95%), 85% (85%), 75% (60%), and 60% (45%) for 1-prong (3-prong) Thad
decays.

2.3.3 Jet tagging

Flavour-tagging algorithms are used to distinguish between jets containing b- and c-hadrons, referred
to as b-jets and c-jets respectively, and jets containing only light-flavour hadrons, referred to as light-flavour

5This category targets decays such as 7~ — 7~ 1.
®This category targets decays suchas 7~ — 7~ 7" 7 v,



jets. The main distingushing features of b- and c-jets are related to their relatively long lifetime, which
leads to secondary and tertiary vertices with macroskopic displacement in the detector, their relatively large
mass, and their relatively high decay multiplicity. The ATLAS collaboration uses different types of flavour-
tagging algorithms for the analysis of pp collision data. These algorithms are based on sophisticated ma-
chine learning approaches that combine information from track impact parameters” and displaced verticies
to distinguish between 0-, c- and light-flavour jets.

Dedicated tools are used to either learn track impact-parameter correlations for the different jet-flavours or
to reconstruct displaced vertices. These tools are referred to as low-level b-tagging algorithms. The impact
parameter based tagging algorithms predict the b-jet, c-jet, and light-flavour jet probabilities. The vertex-
based algorithms provide a set of properties, such as the invariant mass of the vertex, its displacement, and
the number of associated tracks, which are used to distinguish between the various jet flavours.

During Run 2 of the LHC, most ATLAS analyses used either the A Vzcro or DLir flavor-tagging algo-
rithms [45]. M Vzcro is based on boosted decision trees, while DLz is based on a deep neural network.
Both algorithms take the outputs of the low-level taggers and the jet kinematics as input to build a single
discriminant. Figure 4 shows the distribution of the DLir score for b-jets, c-jets, and light-flavour jets. The
clear separation between the different jet flavors demonstrates the strong performance of the b-tagging al-
gorithm.

The performance of these flavour-tagging algorithms are quantified by the b-tagging efficiency as well as the
mis-tagging efficiencies for ¢- and light-flavour jets:

N][c)assed
&F = all
N}

where f refers to the jet flavour with f € {b, ¢, light}, N;?assed refers to the number of jets with flavour
f that pass the b-tagging requirement, and N;Z‘H refers to the number of all jets of flavour f. Four so-called
single-cut operating points (OPs) are widely used in ATLAS. These OPs are obtained by placing lower
bounds on the output score distribution of the b-tagging algorithm. The four OPs correspond to b-tagging
efficiencies of 60%, 70%, 77%, and 85%, respectively. Furthermore, pseudo-continuous OPs are defined
by dividing the output score distribution of the b-tagging algorithm in five intervals. These intervals corre-

spond to efficiencies of 100% - 85%, 85% - 77%, 77% - 70%, 70% - 60%, and 60% - 0%.

For Run 3, the ATLAS collaboration has changed their strategy for developing flavor-tagging algorithms.
Instead of using the outputs of low-level b-tagging algorithms to train multivariate analysis techniques, a
single algorithm based on a graph neural network (GNN) architecture is used [46]. The GNN exploits
information from all ID tracks within a jet to predict the jet flavour. It also predicts which physics process
produced the difterent tracks in the jet, and groups the tracks into vertices. These additional training ob-
jectives improve the overall flavor-tagging performance significantly.

The ATLAS b-tagging algorithms are trained using simulated jets and therefore require calibration to cor-
rect for discrepancies between data and simulation that arise from imperfect detector response and physics
modelling effects, such as parton shower and fragmentation modelling in the Monte Carlo simulations.

7Impact parameter measure the distance of closest approach of a track to the primary vertex in the transverse or longitudinal
plane.
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Figure 4: Distributions of the DLir score for b-jets, c-jets, and light-flavour jets from simulated top-quark pair
events [45].

Dedicated calibration scale factors

are determined for each jet flavour by comparing the flavour-tagging efficiency in data, €422, to the effi-
) Y paring gging Y f

ciency in MC simulation, 61}/[C.

The tagging efficiencies for b-jets are calibrated using a sample of events containing top-quark pairs decay-
ing into a final state with two charged leptons and two b-jets. The calibration scale factors are measured in
nine different jet pr intervals, ranging from 20 GeV to 400 GeV, and tend to be consistent with unity. The
uncertainties in the scale factors vary between 1% to 8% depending on the jet pr interval [47].

The c-jet mis-tagging efficiencies are calibrated using a sample of events containing top-quark pairs decay-
ing into a final state with exactly one charged lepton and several jets, including those from hadronically
decaying W bosons. The W boson is a natural source for c-jets due to its relatively large branching fraction
for W — cs decays. The scale factors are measured in four different jet pr intervals, ranging from 20 GeV
to 250 GeV. The measured scale factors generally agree with those in simulation except for the 60% effi-
cient operation point, where variations in the order of 1.0-1.§ standard deviations are observed. The total
uncertainties range from 3%-17%, depending on the considered operating point and jet pr interval [48].

The mis-tagging efficiencies for light-flavour jets are calibrated using a sample of events containing Z+jets
production. A fit to the jet-flavour-sensitive secondary-vertex mass is performed to extract the scale fac-
tors from data. The scale factors are measured in four different jet pr intervals, ranging from 20 GeV to
300 GeV. These scale factors tend to exceed unity by about 10% to 20%, with the total uncertainties rang-
ing from 11% to 23%, depending on the considered operating point [49].

Since many physics analyses investigate jets with a pr beyond the reach of these calibration methods, an ad-
ditional MC-based calibration technique is employed [so]. This calibration procedure is based on variying
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quantities affecting the flavour-tagging performance, such as the impact parameter resolution, percentage
of tracks from random combinations of measurements in the ID, description of the detector material, and
the track multiplicity per jet. The additional uncertainties in the flavour-tagging calibration scale factors
increase monotonically with increasing jet pr. The uncertainties range from around 20% for the loosest
operation point to around 37% for the tightest operation pointat a jet pr of 3 TeV.

Flavour-tagging calibration scale factors are derived for small- R calorimeter jets and VR track-jets, for both
the single-cut operation points and the pseudo-continuous b-tagging intervals.
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Figure 5: The calibration scale factors and their uncertainties for ejigh, of the single-cut OP that corresponds toa 70%
b-tagging efficiency [49].

Boosted boson tagging refers to the identification of hadronically decaying W=, Z, or Higgs bosons
thatare strongly Lorentz-boosted. Theidentification of such decays isa crucial component to many searches
for new heavy particles with masses at the TeV scale.

A crucial feature of highly Lorentz-boosted massive particles is that their decay products are strongly colli-
mated. The angular separation AR in the 77®-plane between the decay products of a particle X with the
mass mx and the transverse momentum py' can be approximated in case of a 2-body decay by

2
AR~ X ()
bt

For example, the decay products of a Higgs boson with a transverse momentum of around 250 GeV tend
to have an angular separation of AR ~ 1.0 [s1, 52]. As the Higgs boson pr increases, the expected angular
separation decreases further, until at some point the collimation becomes so strong that the standard recon-
struction techniques are no longer capable of resolving the decay products individually. This problem can
be mitigated by reconstructing highly Lorentz-boosted hadronically decaying objects via a single large-R
jet, instead of using multiple small-R jets. The situation is illustrated in Fugure 6.

Over the past few years, the ATLAS collaboration has developed several algorithms to reconstruct and iden-

tify hadronically decaying top quarks, W and Z bosons, as well as Higgs bosons. Large-I jets are used to
reconstruct the objects, and multivariate analysis techniques are used to distinguish them from each other
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Figure 6: Schematic representation of a Lorentz-boosted particle X decaying into a hadronic final state. For low
transverse momenta, the decay products can be reconstructed as two individual small-R jets. For sufhiciently large
transverse momenta, the decay products are reconstructed as a single large- 12 jet.

and from jets originating from a single parton. The multivariate analysis techniques are trained with infor-
mation from the tracking detectors and/or the calorimeter system.

Boosted W — qq and Z — qq decays are identified by imposing pr-dependent selection requirements
on the jet mass and jet substructur observables. The mass of the jets must be within a window around the
W or Z boson pole, where the window increases as a function of the jet pr. For example, the window is
approximately 30 GeV wide at pr = 500 GeV, and it increases to about 60 GeV at pr = 2.5 TeV. In ad-

) is used. It is defined as the ratio of three-point to two-point
energy correlation functions [53], which are based on the energies and pairwise angular distances of the

dition, the jet substructure observable Dgﬁzl

constituents of the large-R jet. The Dgﬁ =Y observable (see Figure 7) is optimised to distinguish between
jets stemming from a single parton and those originating from a two-body decay (i.e. X — ¢@). The selec-
tion requirement on D;ﬁ =Y becomes looser with increasing jet pr. Le. for a pr around 250 GeV, the jet is
required to pass Déﬁzl) < 1.0, while for a pr around 2.5 TeV, the jet is required to pass Déﬁzl) < 1.9.
After applying these two selection requirements, the W — ggand Z — ¢q tagging efficiencies are around

40% for a jet pr of around 250 GeV and rise to around 70% for pp = 2.5 TeV.

Dedicated calibration scale factors for the vector boson tagging algorithm are determined from data. The
tagging efficiencies for boosted I boson jets and the rejection rates for boosted top-quark jets are measured
in events with top-quark pairs, while the rejection rates of jets stemming from a single parton are measured
using multi-jetand y+jets events. The measured W boson tagging efficiencies and the background rejection
rates in data are consistent with the Monte Carlo simulations within the evaluated systematic uncertain-

ties [54].

Boosted h — bb decays are identified exploiting the kinematics of the large-R jet as well as the flavour-
tagging information of up to three variable-radius track-jets that are matched via ghost-association [ss]. to
the reconstructed large- R jet [56]. The identification algorithm is based on a feed-forward neural network
which is trained using the probabilities of the b-, c- and light-flavour hypotheses of the three leading variable-
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Figure 7: Distribution of the Dy observable presented for simulated large- R jets from boosted W boson and top-
quark decays as well as from large-I? jets stemming from single partons extracted from multi-jet production [53].

radius track-jets® and the pr and 7 of the large-R jet. The neural network is trained to separate boosted
h — bb jets from boosted top quark jets and jets arising from multi-jet processes. The network maps the
input vector to a three-dimensional output layer. The three output nodes quantity the probabilities for a
large- R jet to correspond to the signal class, and to either of the two background classes. The outputs of
the neural network are combined into one single discriminant function for the signal-jet hypothesis:

DHiggs
ftop * Ptop + (1 - ftop) . pmulti—jet7

where fio, quantifies the fraction of top-quark jets, which is set to fio, = 0.25. Furthermore, priggs, Props
and Pruiti—jet are the probabilities for the Higgs boson, top quark, and multi-jet hypotheses, respectively.
The distribution of the Dxy,, score is depicted in Figure 8 for large- 12 jets from boosted h — bb and top-
quark decays as well as for jets from mulijet production. For an operation point that hasa X — bb tagging
efficiency of 60%, the rejection rates vary between 30 and 8o for large- R jets from multi-jet production and
between 10 and 30 for large-? jets from boosted top-quark decays. Compared to the tagging of individual
VR track-jets, the performance of the X — bb tagging algorithm is significantly enhanced.

Dxyp, = In

The predicted efficiencies of the X — bb tagging algorithm are corrected to those seen in data. The sig-
nal efficiency is calibrated using Z(— bb)+jets and Z(— bb)7y events, while the mis-tagging efficiency is
calibrated using top-quark pair events [57]. The signal efficiency scale factors vary between 1.4570-47 for
large-R jet pr values of 200 GeV and 0.5570:33 for large-R jet pr values of 1 TeV. The mis-tag efficiency

scale factors vary from 1.1 & 0.12 at low pp to 1.0 £ 0.16 at high pr.

81f there are fewer than three associated track-jets with pt > 7 GeV, the inputs corresponding to any missing subjets are replaced
with the mean input values.
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Figure 8: Distributions of the Dxy, score (with fiop, = 0.25) for large-R jets from boosted h — bb and top-quark
decays as well as for jets from mulijet production. All distributions are normalised to unit area. [56].

2.3.4 Missing transverse momenta

Missing transverse momentum, with magnitude E'™, serves as an experimental proxy for the trans-
verse momentum carried by undetected particles passing the ATLAS detector. The E?i“ is reconstructed
from the signals of all the detected particles in the final state. A value incompatible with zero may indicate
that a neutrino was produced in the particle collisions and subsequently traversed the detector. At the same
time, the missing transverse momentum plays also an essential role in searches for so far undiscovered par-
ticles suggested in models for physics beyond the SM that escape the detector without being detected. A
precise reconstruction of the E%‘iss is a challenging task as it involves measurements from all detector sub-
systems and requires an unambiguous representation of all visible final state particles.

The reconstructed E [58] in ATLAS is characterised by two contributions. The first contribution, re-

ferred to as “hard term”, is from fully reconstructed and calibrated high-pr objects such as electrons, pho-

tons, T-leptons, muons and jets. The second contribution, referred to as “soft term”, is from charged-

particle tracks compatible with the primary vertex but not associated to any object from the hard term.

The missing transverse momentum is calculated as the negative vector sum of the transverse momenta of
g g

all selected leptons, jets and the additional tracks:

Efs=— 3" pi— > pr— > pri— > pi— > pi'— ) pi* (o)

selected selected selected selected selected additional
electrons photons T—leptons muons jets tracks
N 1\ 7
~" VvV
hard term soft term

~miss

Analogously, a track-based missing transverse momentum estimator p**** is built as the negative vector sum
of the transverse momenta of all tracks from the primary vertex. In addition, several ATLAS analyses use an
object-based E' significance S [59] to separate events in which the reconstructed E* originates from
weakly interacting particles, from those in which the EX™ is consistent with contributions coming from
detector inefhiciencies or resolution effects. The S observable is calculated on an event-by-event basis con-
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sidering the expected resolutions and likelihood of mismeasurement of all the objects that enter the E‘{«‘iss
reconstruction and also takes directional correlations between the various measurements into account.

2.4 Generation and simulation of Monte Carlo events

A central challenge for the LHC experiments is to accurately predict the properties of particles produced
in high-energy proton—proton (pp) collisions and the subsequent detector response to particles interact-
ing with the detector material. To overcome these challenges, the LHC experiments typically use elaborate
Monte Carlo (MC) simulations, where samples of simulated signal and background events are generated
in several sequential stages.

In the first step, the pp collisions are simulated as a hard scattering process between the constituents (i.e.
quarks and gluons) of the two incoming protons, using a dedicated set of parton distribution functions
(PDFs) and following the Feynman formalism. Programmes such as MADGRAPHS [60] or POWHEG-
Box [61, 62] are used by the ATLAS collaboration to calculate matrix elements at next-to-leading order
(NLO) precision in QCD. The PowHnEG-Box generator is typically used to simulate matrix elements for
the production of top-quark pairs, single top-qaurks, or Higgs bosons. While fixed order calculations are
usually sufficient to model such processes, they are insufficient to model multi-jet, W/Z+jet or di-boson
plus jets events. Instead, specialised generators such as SHERPA [63] are used to simulate diagrams with
several additional parton emissions with NLO precision in QCD. The MADGRAPH; generator is com-
monly used to simulate BSM processes such as BSM Higgs bosons and heavy vector bosons, or alternative
samples for SM processes.

In a second step, the parton shower is simulated, which includes gluon emissions, fragmentation, hadro-
nisation, secondary decays and the underlying event (i.e. particles originating from interactions of the
beam remnants). This tasks is typically performed by programmes such as PyTnia [64], HERWIG [65],
or SHERPA, which are based on either the Lund string-model or the cluster-model.

The simulated samples are afterwards processed using either the GEANT4-based simulation of the ATLAS
detector geometry and response [66, 67] or fast simulation [68], where the GEANT4 simulation of the
calorimeter response is replaced by a detailed parameterisation of shower shapes. After the detector simula-
tion, the generated signal and background events are overlayed with minimum-bias events from additional
pp interactions (pile-up) in the same and neighboring bunch crossings. These minimum-bias events are
simulated using the single-, double-, and non-diftractive pp processes of the PyTHI1A generator [69].

Finally, the simulated events are reconstructed using the same algorithms employed for data events.
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3 Indirect searches for new physics in the Higgs sector

The Higgs boson properties have been extensively studied in the last 10 years using LHC data. Following
its discovery, the spin, parity, mass and width of the Higgs boson have been measured with unprecedented
precision [70, 71, 72, 73, 74], as have its coupling properties to gauge bosons and fermions [7s, 76]. Ow-
ing to the high precision of these measurements, the Higgs boson has become an excellent tool to test the
validity of the SM. Thus, measurements of the Higgs boson properties will remain of high interest in the
coming years. Many studies will be performed to establish whether the Higgs boson properties are consis-
tent with the predictions of the SM at the percent level, or whether deviations from the SM exist.

As the data sample delivered by the LHC grows larger, the Higgs boson properties can be studied in in-
creasingly “extreme” phase space regions, which are considered to be particularly sensitive to new physics
effects. Such studies are ideal to constrain theories of BSM physics, as new (heavy) particles can contribute
to the Higgs boson production processes or to its decay via loop-corrections. Such oft-shell contributions
would lead to an enhancement of the Higgs boson production rates and/or modulations of the (angular)
distributions of particles produced either in association to the Higgs boson or in its decay [77, 78, 79].

In the Higgs sector, indirect searches for new physics effects are typically performed using generic ap-
proaches such as the x-framework® [80, 81], pseudo-observables (PO)* [82, 83] or simplified template
cross sections (STXS)" [83, 84, 85]. The r-framework was widely used by the community for studies of the
Higgs boson properties during Run 1 of the LHC. However, the x-framework has several serious shortcom-
ings [86]: (a) it does not enable a straightforward comparison of Higgs boson measurements performed for
different production modes, (b) it is blind to new physics effects that would manifest only via modulations
of angular-dependent observables, which could happen if the Higgs boson couplings were CP-violating or
polarisation-dependent, and (c) it has only low sensitivity to new physics effects appearing in tails of kine-
matical distributions.

Pseudo-observables and simplified template cross sections are complementary approaches™ that address

*The r-framework introduces specific coupling modifiers meant to parameterise potential deviations from the SM predictions
of the Higgs boson couplings to SM bosons and fermions. For a given production process or decay mode, denoted by 7, the
coupling modifiers are defined via /@? =o0;/ U]S-M or H? =T,/ FJSM, where the measured cross section and partial decay width
of the Higgs boson are compared to their respective SM predictions. All #; values are equal to unity in the SM.

°Pseudo-observables are meant to describe potential deviations from the SM expectations in Higgs boson production and decay
processes. They are quantities that are experimentally accessible, theoretically well-defined (i.e. independent of the perturbative
accuracy at which New Physics effects are computed), and capture all relevant New Physics effects in a kinematic range where
BSM particles do not contribute via on-shell production. The concept of pseudo-observables was already introduced at LEP,
where the partial decay rates of the Z boson around the Z pole I (Z = f ﬂ is a good example of an intensively studied
pseudo-observable.

"Simplified template cross sections are defined in mutually exclusive fiducial regions of phase space (refreed to as “bins”). They
are designed with the aim to maximise the sensitivity of a measurement while at the same time to minimise any theory depen-
dence. Hence, individual bins are defined for each production mode exploiting the specific characteristica of the given process
such as the kinematics of the Higgs boson or the number of particles produced in association to it, while the measurements
are meant to be inclusive in the Higgs boson decay. In addition, measurements of simplified template cross sections allow for
the use of multivariate analysis techniques and provide a common framework for combining measurements in different decay
channels and eventually between the ATLAS and CMS collaborations.

“Following two different approaches can be motivated by the fact that at the LHC the Higgs boson interactions with SM par-
ticles are probed at multiple energy scales. For example, the decays of Higgs bosons to two vector bosons can be used to probe
the same amplitudes as present in the associated production of a Higgs boson with a Z or W boson. However, while the
momentum transfer in Higgs decays is kinematically bounded by the Higgs mass, the momentum transfer in the Zh and Wh
production can reach scales of a few TeV.
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the shortcomings of the r-framework while retaining its advantages. Their measurements can be used as
inputs for subsequent interpretations in the context of any BSM theory. Alternatively, both types of mea-
surements can also be interpreted in the context of Effective Field Theories (EFTs) [83], which allows to
probe for new phsics effects in a model independent way. The underlying principle of EFTs is based on
supplementing the SM Lagrangian by additional higher-dimension operators and so-called Wilson coef-
ficients that govern the strength of new interactions, such that in the gauge eigenbasis the Lagrangian is

specified by

(5) (6) (7) (8)
_ €~ () €~ n(6) Ci (7 € ()
£_£SM+Z O +) 7O +ZFQ +270i + ...

]

where each OF isan SU(3) x SU(2) x U(1) invariant operator of dimension D and the parameters cz(»D)

are the Wilson coefhicients. Some of the operators encode new structures for the interaction between the
Higgs boson and the SM particles. The new interactions modify rates and/or kinematic distributions. The
new interaction terms in the Lagrangian can be understood as the low-energy manifestation of new physics
that exists at an energy scale A that is much larger than the partonic centre-of-mass energy being probed at

the LHC.

3.1 The main production and decay modes of the Higgs boson at the LHC

Representative lowest order Feynman diagrams of relevant production processes of the Higgs boson are
shown in Figure 9. At the LHC, the gluon—gluon fusion (ggF') process is the dominant production mode
of the Higgs boson. Itis highly enhanced by the dominance of gluon densities, despite being aloop-induced
process, and it accounts for about 87% of the inclusive Higgs boson production cross section. The second
most frequent production mode is the vector-boson fusion (VBF) process, where either two Z or two W
bosons fuse to produce a Higgs boson (7%). The VBF process is characterised by two highly energetic jets
emitted in the forward region of the detector, with relatively low hadronic activity between them®. Higgs-
Strahlung (V' h), i.e. the associated production of a Higgs boson with a Z or a W boson, contributes with
around 4%, while the production of a Higgs boson in association with a pair of top quarks (¢£h) or a pair of
b-quarks (bbh) account each for approximately 1% of the total production cross section. These processes
have additional leptons and/or jets in the final state, which makes it more challenging to reconstruct the
Higgs boson decay but also makes them easy to trigger and helps to suppress relevant backgrounds.

Contributions of other production modes are significantly smaller, i.e. the associated production of a
Higgs boson with a single top quark (th) or Higgs boson pair production (hh) only contribute with a
few per-mille. Despite their small cross sections, these two processes are expected to be observed during
the high-luminosity (HL) phase [10] of the LHC, where particular focus will be given to the study of the
Higgs boson self-coupling strenght (accessible via Higgs boson pair production processes), which allows
to probe the expected shape of the Higgs boson potential.

The ggF production mode allows to probe the Higgs boson couplings to heavy quarks (running in the
loop), while studies of the VBF and Higgs-Strahlung processes allow to directly probe the Higgs boson
couplings to vector bosons. Finally, the tth production mode is best suited to directly probe the properties
of the top quark Yukawa coupling.

BThe low hadronic activity in these processes is due to the absence of color exchange.
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Figure 9: Dominant production modes of the Higgs boson at the LHC.

The SM is tested by comparing the observed Higgs boson coupling properties to theory predictions based
on the state-of-the-art calculations of Higgs boson production cross sections and branching fractions. Fig-
ure 10 shows the cross sections for the most dominant Higgs boson production modes at the LHC as a
function of the center-of-mass energy. In physics analyses of the ATLAS and CMS collaborations, simu-
lated event samples containing Higgs boson production are scaled to match these reference cross section
values.

The inclusive production cross section for the ggF process is known at next-to-next-to-next-to leading or-
der (NNNLO) precision in QCD with next-to leading order (NLO) electroweak (EW) corrections [87].
For the VBF process, cross-section predictions are available at next-to-next-to leading order (NNLO) pre-
cision in QCD with NLO EW corrections, which are obtained by the VBF@NNLO [88] and HAWK [89]
programmes, respectively. The production cross sections for the Higgs-Strahlungs processes, Zh and Wh,

are calculated at NNLO precision in QCD and NLO precision in EW using the programmes VH@NNLO [90]
and HAWK.

The cross sections for the tth and th processes are known at NLO precision in QCD and NLO pre-
cision in EW and are calculated with the programme MADGrAPH5_aMC@NLO [91]. Furthermore,
Santander-matched [92] cross sections are used for the bbh process based on calculations with NNLO pre-
cision in QCD in the five flavour scheme (sFS) and NLO precision in QCD for calculations in the four
flavour scheme (4FS). These calculations are based on the programmes SusHi [93] for the sES and Map-
GrarHs5_aMC@NLO for the 4FS. All cross sections are evaluated for a Higgs boson mass of 125.09 GeV.
The calculations are based on the PDF4LHCrs NNLO PDF sets for the ggF, VBF and Higgs-Strahlung
production modes, and the PDF4LHCrs NLO PDF sets for the other processes.

After its production, the Higgs boson decays almost instantly with a predicted average lifetime of 1.6 X
10722 seconds. Diagrams of the main decay modes of the Higgs boson are depicted in Figure 11, while Ta-
ble 1 lists their corresponding branching fractions. Decays into a pair of b-quarks corresponds with around

9



0 ewWl

10

Production Cross Section [pb]

1 -------------------
T
......... +____.._..---- ,,,:-r-'-'-""'::"“"f
I AR (10) QO -
"""  r QU
‘0‘0 -------------- BE\N\
—1; ______ ,\—N\’ .
10 .- e |
P e E
- Oy g
o0 Qx- i
/\}’}?’sw\"'"
10—2 | O\‘O ,,,,, 105 GeVi
\' | 11 ‘ 111 ‘ 111 ‘ [ ‘ [ ‘ [ P\ | 11 ‘ L 111 | | H

6 7 8 9 10 11 12 13 14
(s [TeV]

Figure 10: Cross sections for the most dominant Higgs boson production modes at the LHC presented as a function
of the center-of-mass energy [83].

58% to the most frequent decay mode, followed by decays into a pair of W bosons' with around 21%.
Other Higgs boson decays into a pair of bosons contribute with around 8% for h — gg¢,3% forh — ZZ*
and around 0.2% for h — ~~.

Invisible Higgs boson decays are expected to contribute with only around 0.1%. Though, significantly
enhanced branching fractions for such decays are hypothesised by e.g. models predicting the existence
of dark-matter particles [94]. Higgs boson decays are generally very sensitive to contributions from new
physics, given the narrow total Higgs boson width of around 4.1 MeV, which is three orders of magnitude
smaller than that of the W and Z bosons as well as the top quark. Hence searches for rare or exotic decays
of the Higgs boson are another important endeavour of the LHC experiments.

By now, almost all major decay modes of the Higgs boson have been experimentally verified by the ATLAS
and CMS collaborations. Only the decays h — gg and b — cc are so far not yet accessible in data given
the large amount of backgrounds. More straight forward are searches for the rare h — Zyand h — ptp~
decay modes. Despite their small branching fractions, their discoveries are just a matter of time owing to
their relative clear experimental signatures.

“In Higgs boson decays to vector bosons, one of the decay products must be off-shell, since the mass of the Higgs boson is
smaller than twice the mass of the W or Z boson.
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Figure 11: Examples of Feynman diagrams for the Higgs boson decay

Furthermore, rare decays of the Higgs boson, such as decays into a meson and a photon, are also searched
for. These decays are well-suited probes for modifications of the Higgs boson’s couplings to first- and
second-generation fermions. Examples of searches for such decays include i — w7y and h — K™ de-
cays [9s] as well as b — J /1y and h — 1(25)y [96]. Probing these decays is attractive because several
BSM theories predict enhanced Yukawa couplings between the Higgs boson and light quarks.

Table 1: Higgs boson branching fractions calculated at a mass of 125 GeV [83], using the HDECAY [97] and
PROPHECY4F [98] programmes.

Decay Channel (%]
h — bb 58.2.4
h — WW* 21.37
h — gg 8.187
h— 171~ 6.272
h — cc 2.891
h— ZZ* 2.619
h — ~y 0.2270
h — Z~ 0.1533
h— ptp~ 0.02176
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3.2 Higgs boson property measurements in 1 — W WW* decays

The h — WW* — {vlv decay channel is one of the most sensitive channels for measuring the Higgs
boson couplings to other particles and for determining its spin and parity quantum numbers. Studies in
this decay channel profit in particular from the large branching fraction (about 2.4%), and the cleaner
signature in the detector compared to the more common h — bb decay. Due to these features, the
h — WW* — (vl decay mode was one of the channels in which the Higgs boson was discovered
at the LHC in 2012 [99, 100].

The h — WW™ — {vlv decay is characterised by two charged leptons and two undetected neutrinos in
the final state. Additional leptons or jets may be present in the event, depending on the production mode.
Kinematic observables built from the leptons (¢), jets (), and E3% in the selected candidate event are used
to reduce contributions from relevant backgrounds. The charged leptons ensure high trigger efficiencies.
Due to the spin-0 nature of the Higgs boson and the chiral structure of the weak force in the decay of the
two W bosons [101], the opening angle between the two charged leptons A®, and correspondingly the
invariant di-lepton mass 7, tend to be relatively small (see Figure 12). These two characteristic observables
are most crucial to separate the h — WW* — (vl signal process from background contributions origi-
nating from the non-resonant WW, the Z/~*+jets and top-quark pair production.

Figure r2: Illustration of the decay of a Higgs boson into two W bosons, h — W W™, which subsequently decay
into a (T ¢ T v final state. The small arrows indicate the direction of motion of the intermediate state and final state
particles, while the large double arrows indicate their spin projections. The decays of the Higgs boson and W bosons
are shown in the decaying particle’s rest frame [102].

Due to the presence of two undetected neutrinos in the final state, the invariant mass of the Higgs boson
can not be determined. Instead, the transverse mass is used, which is defined as follows:

-~ ~ S 9
mr = \/(E/zz + BRI — | + B

with Eyy = /|Pr.we|? + mZ, and pr ¢ the combined dilepton momentum vector in the transverse plane.
The m distribution has a kinematic upper bound at the Higgs boson mass, providing a strong separation
between the signal process from Higgs boson production and the backgrounds.

Numerous studies of the Higgs boson properties have been performed in the h — WW* — {vlv decay
channel in recent years’, such as simple measurements of the signal strength [103, 104], measurements of
STXSs or differential cross sections [105, 106], and studies of anomalous Higgs boson couplings [107]. The

5Since Run 2, ATLAS analyses have mainly focused on the h = WW™* — evpuv decay mode, because it has significantly lower
contributions from the Z/~y*+jets background than the h = WW* — evevand h - WW* — pvpuv decay modes.
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studies have been performed separately for the ggF, VBF, and Higgs-Strahlungs production modes. Fur-
thermore, based on the Run 1 dataset, constraints were placed on the spin and CP quantum numbers of
the Higgs boson [108], as well as on the off-shell Higgs boson signal strength [109].

This section highlights a few recent results from studies of the Higgs boson coupling properties in A —
WW* — evpuv events based on /s = 13 TeV pp collision data collected by the ATLAS detector. Sec-
tion 3.2.1 summarise the measurements of the Higgs boson production cross sections of the ggF and VBF
production modes. In addition, searches for CP violating effects in the effective Higgs-gluon coupling and
searches for polarisation-dependent couplings are detailed in the Sections 3.2.2 and 3.2.3. The latter two
efforts were under my leadership.

3.2.1 Measurements of Higgs boson production

Recently, the ATLAS collaboration published measurements of the total Higgs boson production cross
sections for the ggF and VBF processes' using h — WW* — evpuv decays in pp collisions at a center-of-
mass energy of 13 TeV [104]. These measurements are based on data that was recorded by the ATLAS de-
tector during Run 2 (2015-2018) of the LHC and that correspond to an integrated luminosity of 139 fb™".
In the context of these studies, measurements of cross sections in kinematic fiducial regions defined in the
STXS framework have been provided as well.

The measurements of the cross sections are performed in events consistent with the signature of a h —
WW?* — evuv decay. Selected candidate events are further classified based on the number of jets N
in the event. In total, four categories are used: one for each the NV jet — (0 and N® = 1 channels, which
solely target the ggF production mode of the Higgs boson, and two categories for the N > 2 channel,
which has significant contributions from both the ggF and VBF production modes. The event topology
of the signal process”” and the composition of the relevant backgrounds (as depicted in Figure 13) changes
significantly depending on the number of jets in the event. Hence, a set of specific selection requirements
are applied to each of the four event categories in order to optimise the sensitivity to the signal.

In the Ni¢t = category, the most dominant background contributions stem from Z/v* — 77 decays,
where one of the two 7-leptons decays into an electron and a neutrino and the other 7-lepton decays into
a muon and a neutrino. The next largest contributions are from the non-resonant W W production and
from processes containing top quarks. The Z — 77 background is reduced by requiring EX* to point
away from the combined dilepton four-momentum (as shown in Figure 12) and by placing selection re-
quirements on the azimuthal angular difference between the two charged leptons, the transverse di-lepton
momentum, and the invariant di-lepton mass. The two latter selection requirements also significantly re-
duce contributions from the non-resonant W background. In the NV Jet — 1 and NIt > 2 categories,
the by far most dominant background contributions are from the top-quark pair production. Thus, events
containing a b-tagged jet are vetoed to reduce this type of background. Contributions from Z(— 77)+jets
events are reduced by introducing a selection requirement on m.,. The observable m.. - is calculated from
the four-vectors of the two charged leptons and the E3*® vector using the collinear approximation [110].

1¢Studies of other production modes are published separately: e.g. the most recent measurement of the production cross section
for Higgs-Strahlung in the h = W W™ — evpuv decay channel are based on a partial Run 2 dataset [103].

7For example in IV Jet — () events, the Higgs boson is typically produced at rest, while the Higgs boson can receive significant
Lorentz boost when it recoils against one or several jets.
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Figure 13: Distribution of the jet multiplicity in h — WW?* — evuv candidate events [104], where jets with
pr > 30 GeV and || < 4.5 are considered. The hatched band corresponds to the normalisation component of the
total uncertainty prior to performing any fit to the data.

The N3¢t > 2 category is divided into two subcategories. One enriched in ggF production of the Higgs
boson and the other enriched in VBF production. In order to obtain a sample enriched in VBF produc-
tion, the characteristic kinematics of the two leading jets in the event are exploited: the candidate events
are required to have two jets in the forward region of the detector (moving in opposite hemispheres) and
a relatively low amount of hadronic activity between these two jets (referred to as “central jet veto”). In
addition, neither of the two charged leptons may lie outside the pseudorapidity gap between the two VBF
jets (which is referred to as “outside lepton veto”). The ggF-enriched region contains all events failing either
the central jet veto or the outside lepton veto. In the VBF-enriched N > 2 category, a deep neural net-
work (DNN) is trained to further separate the VBF signal from the remaining backgrounds (including also
Higgs boson production via ggF'). The DNN is based on observables that exploit either the kinematics and
characteristics of the VBF topology or the features of the h — W W* decay. In total, 15 kinematic observ-
ables are used. Among them are quantities such as the invariant di-jet and di-lepton masses, the transverse
Higgs boson mass, the rapidity difference between the two leading jets, the lepton centralities, the p of up
to three jets (where priority is given to the leading jets) or the azimuthal angle difference between the two

charged leptons.

The signal regions in the NV Jet — )and Nt = 1 categories are further split into four subregions to increase
the sensitivity to the signal process. The subregions are defined based on the invariant di-lepton mass and
the pr of the subleading lepton in the event. In a similar fashion, the signal regions of the ggF-enriched
Niet > 2 category are split into two subregions based on the invariant di-lepton mass.

Background contributions from W +jets and multi-jet production with misidentified leptons, either from
nonprompt decays of heavy-flavor hadrons or misidentified jets, are estimated using a data-driven tech-
nique. Additionally, dedicated control regions are used to normalise the predictions of the WW, top-
quark, and Z/v* — 77 backgrounds. These control regions are defined by modifying some of the event
selection requirements used to define the signal regions. Difterent control regions are used for different jet
multiplicities.
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The cross sections times b — W W™ branching ratio for the ggF and VBF production modes are deter-
mined in a simultaneous™ profile likelihood fit to all signal and control regions in the Nje, = 0, Njet = 1,
and Nje; > 2 categories. The mr distribution is used as the final fit discriminantin the N jet — (), NIt = 1
and the ggF-enriched Nt > 2 categories, while the DNN response score is used in the VBF-enriched
Niet > 2 category. The post-fit distributions of both observables are depicted in Figure 14. In total,
around 4000 signal events are counted in all categories combined. The mr and DNN response score dis-
tribution of the observed signal processes agree in both shape and normalisation with their respective SM
predictions.
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Figure 14: Post-fit distributions of (a) the transverse mass mT for the combined ggF signal regions and (b) the DNN
response score in the VBF signal region. The middle panel depicts the ratio of the data to the sum of the fitted
signal and backgrounds, while the bottom panel shows the difference between the data and the estimated background
compared to the predicted signal contribution. The hatched band shows the combined statistical and systematic
uncertainty for the fitted signal and background processes [103].

The cross sections times & — W W™ branching ratio for the ggF and VBF production modes for a Higgs
boson with mass my = 125.09 GeV are simultaneously measured to be

Oger - Broww = 12.0 £ 0.6(stat.) 702 (exp. syst.) 70 S (sig. theo.) & 0.8(bkg. theo.) pb

over - Bhowws = 0.75 £ 0.11(stat.) 7008 (exp. syst.) 042 (sig. theo.) Toor(bkg. theo.) pb ,

which is consistent to the SM predicted values of 10.4 & 0.5 pb and 0.81 £ 0.02 pb for the ggF and VBF

production modes, respectively. The corresponding signal strength scale factors are i, = 1.157013 and

pver = 0.937035. These results are significantly more precise than the results from previous Higgs bo-

son cross section times A — W W™ branching ratio measurements from ATLAS. In comparison to the

¥ Two independent and unconstrained parameter of interests are used in the fit to determine the ggF and VBF cross sections.
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previous measurements, which are based on 36 fb~!, the total uncertainties in the ggF and VBF produc-
tion cross section times branching ratio values have been decreased by 38% and 59%, respectively [11].
Improvements are coming in particular from the larger dataset. Due to the larger dataset, the statistical un-
certainties are reduced by 50% for the ggF production mode and by 68% for the VBF production mode.
Other improvements include a dedicated signal region for ggF production in association with two or more
jets and a more refined machine learning approach for separating the VBF signal process from backgrounds.
As a result, the experimental uncertainties have been decreased by 40% for the ggF production mode and
65% for the VBF production mode. Furthermore, the uncertainties originating from the modelling of the
signal and backgrounds are reduced by around 20% for both production modes following the refined rec-
ommendations from the LHC Higgs Working Group [83] and improved Monte Carlo models for several
background processes.

The CMS collaboration has also recently measured the cross section times & — W W™ branching ratio
for the most dominant production modes of the Higgs boson using 138 b~ of pp collision data [112]. For
the ggF production mode, the signal strength scale factor has been determined to be prggr = 0.92701,
while a signal strength of fvpr = O.71f8:§§ has been found for the VBF production mode. Thus, CMS
has a slightly more precise measurement of figep, while ATLAS has an approximately 20% more precise
measurement of ftygr. The CMS results benefit in particular from additional event categories targeting
the h = WW* — evevand h — WW?™ — pvpuv decays. The events in these categories are analysed
together with those from the A — WW™ — evpuv decay channel. At the same time, the ATLAS results
on fygr profitin particular from the DNN used to separate the VBF signal process from the relevant back-

grounds. The algorithm trained by ATLAS proved to be more performant than the DNN used by CMS.

The measurements of figer and ptypr in b — WW™ events are compared in Figure 15 to the results of
similar measurements performed by the ATLAS collaborationin h — ZZ*, h — yv,and h — 717~
candidate events [29, 113, 114]. The signal strength pi4,r is measured with a significantly higher precision
inh — ZZ*and h — 7y events, while pypr (which is still statistically dominated in most channels) is
measured with a higher precision in 4 — WW?* and h — 77 events owing to their relatively high event
rates in these decay channels.

The reduced Stage-1.2 STXS category scheme is used to measure cross sections in kinematic fiducial regions.
This scheme has a finer granularity for regions targeting Higgs bosons with a high transverse momentum
than the previously used Stage-1.1 STXS scheme [115]. The fiducial regions, as presented in Figure 16, are de-
fined based on the expected kinematic properties of the Higgs boson, such as its transverse momentum p
and its rapidity, but also on the number of hadronic jets' and the invariant di-jet mass for events with two or
more jets. The STXS template definition for the ggF signal process includes the Born-level gg — h process
plus higher-order QCD and EW corrections, such as the gg — Z(— ¢g)h process. Similarly, the STXS
template definition for the VBF process includes both the usual VBF topology and the qg — V (— ¢q)h
topology. Overall, the cross sections are measured in 11 disjoint fiducial regions, of which 6 target the ggF
production and the other 5 target the VBF production.

For the STXS measurements, the definitions of the signal regions are modified with respect to what is used
for the measurements of the inclusive production cross sections times h — W WW* branching ratio. The

" At generator level, jets are build from all stable particles with a lifetime greater than 10 ps, excluding the decay products of the
Higgs boson and leptons from W and Z boson decays, using the anti-k; algorithm with a jet radius parameter of R = 0.4.
These jets must have a transverse momentum larger than 30 GeV.
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Figure 15: Cross-sections times branching ratio for h — WW*, h — ZZ*, h — ~7,and h — 7t decays
measured by the ATLAS collaboration for ggF (a) and VBF (b) production, normalised to their SM predictions [29,
104, 113, 114]. The black bars show the total uncertainties in the measurements, while the gray bands represent the
systematic uncertainties.

aim is to optimise the alignment of the STXS categories and the kinematic regions in which the measure-
ments are performed. The signal regions used for the STXS measurements are detailed in Figure 16.

A simultaneous fit to all signal regions is performed to measure the 11 STXS values, where each cross section
is determined via an independent and unconstrained parameter of interest. A summary of the measured
cross section values normalised to the corresponding SM predictions is presented in Figure r7. The indi-
vidual measurements agree within one standard deviation to the SM expectations. Overall, the results are
compatible with the SM predictions, with a p-value of 53%.

Personal contributions

The work on this analysis was carried out by a team of 61 researchers from 25 different institutions, includ-
ing myself. My personal contributions to these efforts included the simulation of the ggF+jets production
process using matrix elements at next-to-leading order precision in QCD for diagrams with up to two addi-
tional parton emissions. Furthermore, I optimised the configuration of the FxFx merging procedure [116],
which eliminates redundancies between identical partonic final states generated at the matrix element and
the parton shower stage. These simulations were used for measurements of the inclusive Higgs boson pro-
duction cross section, STXS values, and differential cross section measurements of Higgs boson proper-
ties [106], to calculate the uncertainties in matching the matrix element and parton shower.

Furthermore, I guided a Ph.D. student from Shandong University in designing validation regions for the
W and Z+y backgrounds, specifically focusing on events that include non-prompt leptons from photon
conversions (i.e. ¥ — ete™), following the studies that I initially carried out for a previous iteration of this
analysis [111].

Challenges

Finalising the analysis involved overcoming several significant challenges. One of the most crucial aspects
was modelling the background processes. The complex composition of backgrounds, which significantly
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Figure 16: Two sets (Production Mode Stage and Reduced Stage 1.2) of exclusive phase-space regions (production
bins) defined at parton level for the measurement of the Higgs boson production cross sections (left and middle-left
shaded panels), and the corresponding modified signal regions (right panel) at reconstruction level. The colors of
each reconstructed signal region box indicate the STXS bin which provides the largest relative contribution [103].

contribute to the various analysis regions, required a careful consideration when designing the analysis
strategy. To address these challenges, dedicated control or validation regions are necessary for essentially all
contributing background processes. These regions enable a thorough investigation of potential mismod-
elling in background normalisation or event kinematics and allow to derive corrections to these effects if
necessary.

Disagreements to data were initially seen in the modelling of kinematic observables in the production of
top-quark pairs, such as the transverse momenta of the two selected leptons or the jet multiplicity. The
mismodelling of these distributions were identified with missing higher-order corrections. Therefore, a
NNLO reweighting procedure [117], applied to the simulated sample of top-quark pair events, was used to
mitigate these mismodelling effects.

The estimation of the misidentified lepton background proved particularly challenging due to its diverse
origins. Misidentified electrons can originate from hadrons mimicking the electron signature, photon con-
versions, or heavy-flavor hadron decays. Misidentified muons, on the other hand, stem primarily from
heavy-flavor hadron decays, in-flight meson decays, or hadrons punching through the calorimeter system.
The misidentification rates for these processes as well as their correct relative proportions are not at all de-
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Figure 17: Best-fit value and uncertainties for the h — WW™ cross section measured in different kinematic regions
(i.e. STXS bins), normalised to the corresponding SM prediction. The black error bars, green boxes and tan boxes
show the total, systematic, and statistical uncertainties per measurement, respectively. The grey bands show the theory
uncertainties in the predictions [103].

scribed well by the Monte Carlo simulations. Hence, both the normalisation and the event kinematics of
these backgrounds have to be determined from data.

The data-driven estimation of the misidentified lepton background relies on the use of control samples.
These samples are obtained from events that pass all the nominal selection requirements, except that some
of the identification criteria of one of the two lepton candidates, referred to as anti-identified lepton, has
been inverted. The expected yields and event kinematics of the misidentified lepton background in the
signal and control regions are then extrapolated from these control samples, after subtracting the expected
contribution from processes with two prompt leptons.

The most crucial part of the estimation procedure is to derive appropriate extrapolation factors. This is
achieved in a sample of three-lepton events enriched with Z+jets production, where a misidentified lep-
ton candidate recoils against the leptonically decaying Z boson. The extrapolation factor is defined as the
ratio of the number of events where the misidentified lepton candidate passes the full identification re-
quirements to the number of events where it is anti-identified. The extrapolation factors are determined
separately for misidentified electrons and muons. They are measured in intervals of pr (and |7]) in the case
of electrons (muons). The precision of the extrapolation factors is limited by several effects. These include:
the fact that the sources of misidentified leptons may be different in the Z+jets-enriched events and the
signal regions, the precision of the normalisation of processes with two prompt leptons subtracted from
the control sample, and biases from the trigger requirements.
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Outlook

The inclusive Higgs boson production cross section measurements in & — W™ events are by now lim-
ited by systematic uncertainties, which means that future measurements will not be improved necessarily by
using larger datasets. Instead, future work needs to focus on decreasing systematic uncertainties. Particular
important are the parton shower uncertainties associated with both the ggF and VBF production modes of
the signal process, as they are currently the single largest sources of uncertainty in the Higgs boson property
measurements. These uncertainties are evaluated by comparing the predictions of two sets of Monte Carlo
generators: nominally POWHEG + PYTHIA 8 are used to modell the signal processes, whereas POWHEG +
HERWIG 7 are used as an alternative configuration. Future iterations of Higgs property measurements in
h — WW™ events should therefore attempt to mitigate the dependency on parton shower uncertainties.
One promising approach involves training a set of Adversarial Neural Networks to reduce the dependence
following the strategy worked out in Reference [118]. Another way could be to derive dedicated sets of
tuned parameters for the PyTHIA 8 and HERWIG 7 parton shower generators based on extensive compar-
isons to data. Such studies could be done in the context of differential cross section measurements of Higgs
boson properties [106].

Further improvements could be obtained by re-introducing signal regions targeting decays where both fi-
nal state leptons are of the same flavour, suchas h — WW* — evevand h = WW* — pvpuv. These
additional signal regions are expected to be particularly beneficial for measurements of the Higgs boson
properties at high pr, which are still statistically limited.

The measurements of Higgs boson properties at high pr will be generally of greatinterest in the near future,
due to their enhanced sensitivity to BSM physics. However, dedicated reconstruction techniques and event
selection optimisations are required in this kinematic regime, given the strong collimation of the Higgs bo-
son’s decay products. As a consequence, lepton isolation requirements may have to be adjusted or removed
entirely to select strongly boosted b — WW™ — (vlv decays. Furthermore, the h — WW — lvgq
decay channel may emerge as a potentially viable option at high Higgs boson pr. In these cases, the entire
Higgs boson decay could be reconstructed via a single large- R jet.

3.2.2 Search for CP violation in the Higgs plus two jets production

The origin of the observed matter-antimatter asymmetry in the universe is one of the most important open
questions in particle physics. This asymmetry may be explained by the process of baryogenesis, which is
suggested to have taken place during the early universe. Three Sakharov conditions [119] must be met for
baryogenesis to have occurred. One of these conditions is CP violation. (i.e. the violation of invariance of
fundamental interactions under charge conjugation and parity transformation).

In the SM, asource for CP violation is introduced via a complex phase in the Cabibbo-Kobayashi—Maskawa
(CKM) matrix [120, 121] for quark mixing. The complex phase in the CKM matrix describes the observa-
tions of CP violation in the decays of K-, B-, and D-mesons [122, 123, 124, 125, 126]. However, the measured
size of the complex phase and the derived magnitude of CP violation are not sufficient to explain the surplus
of matter over anti-matter observed in our Universe, which suggests that further sources of CP violation
must exist*°.

**Other sources of CP violation may exist in the neutrino sector or the strong interaction.
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An extended scalar sector can naturally introduce new sources of CP violation that are sufficient to realise
the process of baryogenesis [127]. Simple examples of such extensions are CP-violating 2HDM:s, in which
the CP-violating effects arise via the mixing of the three neutral Higgs states [128]. Such models motivate
to search for additional heavy Higgs-like particles decaying into pairs of weak gauge bosons, and to probe
for CP-violating effects in the production and decay of the 125 GeV Higgs boson. As the LHC data does
not show any signs of additional Higgs-like particles as of now, direct searches for CP violating effects in
the Higgs sector focus on studies of the Higgs boson coupling properties.

During Run I of the LHC, the ATLAS and CMS collaborations extensively studied the CP properties of
the Higgs boson using the b — WW* and h — ZZ* decay modes. By probing the kinematics of final
state particles in these decays, a pure CP-odd Higgs boson has been successfully excluded at the 99% confi-
dence level. In addition, a potential mixing of CP even and CP odd contributions in the AW W and hZ Z
couplings has been significantly constrained [70, 71]. Since the beginning of Run II, the LHC experiments
are focusing on searches for CP-violating effects in the various Higgs boson production processes. Studies
have been performed in the gluon-gluon fusion + 2 jets signature [107, 129], the vector boson fusion [129,
130, 131, 132] and tth [133, 134, 135, 136] production modes. These studies were carried out in events with
Higgs boson decays to WW*, vy, ZZ*, and 77. In addition, searches for CP violation in the interaction
between the Higgs boson and 7-leptons were performed by probing the 7-lepton decay plane [137, 138].

Studies of the gluon—gluon fusion production process are particular interesting as they are sensitive to CP-
violating effects (and other new pyhsics effects) in the top-quark and bottom-quark Yukawa couplings,
and to contributions of new particles running in the loop. Furthermore, the gluon-gluon fusion process
probes the top-quark Yukawa coupling in a different kinematic regime than ¢th production and therefore
complements results obtained in that production mode.

In the large top-quark-mass limit, 74,, — 00, the heavy-quark loop of the gluon—gluon fusion produc-
tion process can be described by an effective Higgs—gluon interaction. In this approach, the CP structure
of the top-quark Yukawa coupling is inherited by the effective Higgs—gluon interaction [139]. This means
that contributions from new physics effects can be parametrised by EFT frameworks, such as the Higgs
Characterisation (HC) model [140], and that BSM contributions can be directly set on the CP-even and
CP-odd coupling strength modifiers of the effective Higgs—gluon interaction. In the HC model, the effec-
tive Lagrangian that describes the Higgs—gluon interaction is expressed as

9u a va,uy : a ya,pv
LEP = —% (Iigg cos(a)GY, G + K, sin(a) Gy, G > h, (3)
where G, is the gluon field strength tensor, Gom = G4, e"P7 /2 is the dual tensor, gy, is the effective
coupling for the SM CP-even ggH interaction, k,,, is the coupling-strength scale factor for the effective
Higgs—gluon interaction, and « is the CP-mixing angle. A pure CP-even state is obtained for cos(a) = 1,
while a pure CP-odd state is obtained for cos(a) = 0.

The CP nature of the Higgs boson couplings have an impact on the production rates, which are propor-
tional to the sum of squares of CP-even and CP-odd terms (i.e. |CP*¥*"|? + |CP°%|2). By comparing
the Higgs boson production rates to the SM expectation, one cannot distinguish CP-odd contributions
from other new physics effects to the total production rate. In contrast, a study of CP-sensitive observables
can provide a direct evidence of CP-violating effects. To construct CP-sensitive observables, at least two
additional jets are needed in the final state of the Higgs boson production process. Relevant Feynman dia-
grams of the lowest-order ggF' + 2 jets Higgs boson production process are depicted in Figure 18. Diagrams
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corresponding to the gq¢ — hqq subprocess possess gluon exchange in the ¢-channel and lead to a VBF-like
topology in the detector with the two tagging jets going into opposite hemispheres in the forward regions.
Moreover, this subprocess is the most sensitive to the CP properties of the Higgs couplings [141].

Y

At ]

() (b) ()

Figure 18: Examples of Feynman diagrams contributing to the production of a Higgs boson in association with two
jets via the fusion of two gluons at leading order in QCD. The presented diagrams show examples for the subprocesses

(a) g¢ — hqq, (b) g9 — hqgand (c) gg — hgg.

An example of a CP-sensitive observable is the signed azimuthal angular difference between jets produced
in association with a Higgs boson [139, 142]. The angular difterence is defined as A®;; = ¢;, — ¢;, if
Nj, > Njy» and AD,; = ¢, — ¢}, otherwise, where j; is the highest-pr jet and jj is the next-highest-pr
jetin the event”. The distribution of the signed A®;; observable is presented in Figure 19 for different CP
hypotheses.

In a recent study, the ATLAS collaboration has set constraints on the CP-mixing angle o by probing the
shape of the signed azimuthal angle difference A®,; between the two leading hadronic jets in selected
h — WW*(— evuv)jj events. The study is based on 36.1fb ™" of /s = 13 TeV pp collisions [107],
and exploits new analysis techniques for enhancing the sensitivity to interference effects between the CP-
even and CP-odd contributions to the effective Higgs—gluon coupling. These new techniques offer the
potential to improve the results from previous studies on the CP nature of the effective Higgs—gluon in-
teraction [144, 145, 146].

The analysis is performed on events consistent with the i (— WW™* — evpuv) + 2 jets final state. Thus,
events that contain exactly two charged leptons of different flavors and at least two jets are considered. Fur-
ther selection requirements are placed on the candidate events to reduce background contributions. To
reduce backgrounds from top-quark production, events are vetoed if they contain a b-tagged jet with a pr
larger than 20 GeV. The Z(— 77) + jets background is reduced by requiring m,, < 66 GéV. In addition,
loose selection requirements are placed on the transverse dilepton momentum, the invariant dilepton mass,
and the transverse mass of the Higgs boson candidate. The purpose of these requirements is to simply re-
move regions of phase space without significant contributions from the signal process, while retaining as
much statistics as possible for the training and optimisation of boosted decision trees (BDTs). These BDTs
aim to distinguish between the signal process and the most dominant backgrounds based on six different
input observables: the invariant di-lepton mass, the transverse mass, the transverse di-lepton momentum,

*Ordering the jets according to their pseudorapidity values (i.e. the “signing” of the A® ; observable) enhances the sensitive to
CP-mixed states as it prevents cancellations of quantum interference effects between the CP-even and CP-odd components.
As a consequence, the A®; distribution of a CP-mixed state is asymmetrically shifted [139] with respect to the distribution
of a pure CP-even or CP-odd state.
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Figure 19: Distributions of the signed A®;; observable shown for CP-even (with r,, = 1 and cos(a) = 1), CP-
odd (with r,;, = 1 and cos(a) = 0) and CP-mixed (with r,;, = 1 and cos(a) = %) benchmark models of the
ggF + 2 jets production mode. These comparisons are performed at the generator level using the predictions of the
MapGrarHs_aMC@NLO 2.4.2 + PYTHIA 8.212 [143] generators. The A®;; observable is asymmetric due to the

interference effects between CP-even and CP-odd contributions.

the azimuthal angle between the two leptons, and the minimum distance between the leading lepton and
the two tagging jets as well as the minimum distance between the subleading lepton and the two tagging
jets. The training sample consists of simulated ggF + 2 jets events used as signal and the sum of the top
quark, di-boson and Z +jets processes as background. The BDT score distribution, presented in Figure 20,
provides a significant separation between the signal and the backgrounds. The BDT-score distribution is
divided into four intervals: [—1,0.1), (0.1,0.4), (0.4,0.7), and (0.7, 1.0]. Background events are most
likely to have BDT-score values in the first interval, while signal events are more likely to have BDT-score
values in the last three intervals.

The most dominant background contributions stem from the production of top-quark pairs and single top
quarks (IWt), non-resonant di-boson production (WW, W Z, ZZ), and Drell-Yan Z/~* (primarily from
Z — 77 decays). Other significant background contributions arise from W +jets and multi-jet production
with misidentified leptons, which originate either from decays of heavy-flavour hadrons or from jets mim-
icking prompt-lepton signatures in the detector. This misidentified lepton background is estimated with
a data-driven technique [111]. All other backgrounds are estimated using Monte Carlo simulations, where
the normalisation of the combined ¢f and Wt backgrounds, W W +jets production and the Z (— 77)+jets
production process are determine via data exploiting dedicated control regions. The control regions are ob-
tained by inverting specific selection requirements to ensure that they do not overlap with the signal regions.
In this context, a top quark control region is obtained by requiring exactly one b-tagged jet with a pr large
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Figure 20: Shape comparison of the BDT response wppt distribution between h(— WW* — evuv) + 2 jets
events and the sum of backgrounds. The distribution for H + 2 jets represents the sum of events produced via the
ggF +2 jets and VBF production modes. Both distributions are normalised to unit area.

than 30 GeV. A Z — 77 control region is obtained by requiring events to have a 1., value in a window
of 25 GeV around the Z boson pole mass, and a WW enriched control region is obtained by inverting the
selection requirements on the invariant dilepton mass.

The final results are obtained by performing maximum likelihood fits based on the signed A®; observable,
which is presented in Figure 21. To optimise the sensitivity of the analysis, the distribution of the signed
A®;; is probed separately in 12 disjoint kinematic regions. These regions are obtained by splitting the sig-
nal region into three BDT score intervals times four |A7;;| intervals. The split into BDT score regions
aims to maximise the signal to background ratio, while the splitinto |A7);| regions is motivated by the fact
that signal contributions from diagrams with gluon exchange in the ¢-channel (i.e. the subprocess that is
particularly sensitive to the CP properties of the Higgs boson) are enhanced at large |A7;;| values. The
bin boundaries for the BDT score and |An;;| intervals are [0.1,0.4,0.7,1.0] and [0.0, 1.0, 2.0, 3.0, oo,
respectively. In addition, the event yields from the top, Z — 77 and WW control regions, as well as the
low-BDT-score intervals (i.c. wgpr € [—1.0,—0.3] and wgpr € [—0.3,0.1]) per | An;;| region are in-
cluded in the maximum likelihood fit. The use of control regions and the low-BDT-score intervals in the
fit are crucial, as they provide constraints on the normalisations of the dominant top quark, Z+jets and
W W +jets backgrounds. Furthermore, the top and WW control regions help to reduce the impact of the
b-tagging uncertainties.

Different types of fit configurations are used to constrain the CP mixing angle cv. In one of the fit config-
urations, the normalisation of the signal process is unconstrained, i.e. freely floating, such that only shape
information of the signed A®;; distribution is used to distinguish between different CP scenarios. In an-
other fit configuration, the signal normalisation is constrained to the predictions of the Higgs Characterisa-
tion model. Thus, both the shape and rate information are used by the fit to distinguish between difterent
CP scenarios. The results are presented as negative log-likelihood (NLL) curves, which are functions of
the CP mixing angle. Each point on the likelihood curve corresponds to a separate fit to data. For each
fit, the signal templates of the signed A®,; distributions are varied based on the tested o value, while the

34



background prediction is only affected by changes to nuisance parameters in the minimisation procedure.
The best estimate of « is obtained at the point where the NLL curve reaches its minimum. In addition,
central confidence intervals at 68% (107) and 95% (20) are determined with respect to the minimum at the
position where the likelihood curves reach values corresponding to 2ANLL equal 1 and 3.84, respectively.
The values of the NLL are evaluated in steps of Aa = 4°, and the minima of all fits are consistent with
zero, i.e. the SM hypothesis.

If only the shape information is used, the 36.1 fb™! of data are not sufficient to reach likelihood values cor-
responding to the 68% confidence level interval. If both shape and rate information are used, a best-fit
value of v = 0° £ 28° is obtained for both the fits to data and to the Asimov dataset as presented in Fig-
ure 22. The observed sensitivity is slightly worse than the expected sensitivity as the signal strength is found
to be peeft2iets = (0.5708 (i.e. the rate of ggF-+2jets events is smaller than expected). Hence, the fit to this
dataset does not provide a 95% CL interval. The results are strongly limited by the statistical uncertain-
ties, which are about a factor of 2 larger than each the experimental and the theoretical uncertainties. The
largest experimental uncertainties are in the flavour-tagging, while the largest theoretical uncertainty is in

the modelling of the top-quark backgrounds.

The CP properties of the top-quark Yukawa coupling have also been studied in tth and th events. In events

with h — 77y decays, the CP mixing angle o has been measured to be 3° +257 [133], while in events with

h — bb decays, a has been measured to be 11°722] [134]. All measurements are consistent with the SM
predictions. While the precision of the measurements in t¢h and th events is higher than the precision
reached in ggF' + 2 jets Higgs boson events*, studying both channels is crucial given the fact that they are
complementary as they probe different kinematic regimes. In addition, the properties of the effective gg
interaction itself may differ from SM predictions if there is a loop contribution from previously unobserved

particles.

Further constraints on the CP properties of Higgs-fermion couplings, complementary to those obtained
from tth, th, and ggF + 2 jets events, can be obtained from high-precision measurements of the electric
dipole moment (EDM) [147]. Combined analyses of EDM measurements and direct measurements of the
Higgs boson CP properties promise to further strengthen the existing constraints.

Personal contributions

The work on this analysis has been done in close collaboration with researches from the Dutch National
Institute for Subatomic Physics (NIKHEF) in Amsterdam (where I was previously employed), Freiburg
and DESY Hamburg. While the majority of studies leading to the publication in Reference [107] was done
by our small analysis team, we also benefited greatly from the software developments, including work on
the analysis framework and statistics tools, as well as the estimation of the misidentified lepton background,
both of which were established for the measurements presented in Reference [111]. As this analysis was per-
formed for the first time by any of the LHC experiments, the entire analysis strategy had to be developed
from the ground up.

**It should be noted that with the current dataset size each of the three analyses still relies on using rate information to constrain
the CP-mixing angle. As a consequence, the obtained results are strongly model dependent. A precise measurement of the
mixing angle based only on shape information will only be feasible at the high-luminosity LHC.
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Figure 21: The weighted A®;; post-fit distribution in the ggF + 2 jets signal region, with signal and background
yields fixed from the fit to the mixing angle o using shape and rate information. Data-to-simulation ratios are shown
at the bottom of the plot. The shaded areas depict the total uncertainty. Events are weighted by In(1 + Ng/Ng),
where Ng (INp) is the post-fit signal (background) event yield for each of the 12 kinematic regions, where the shape
of the A®;; distribution is probed.
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Figure 22: Expected and observed likelihood curves for scans over the CP mixing angle o from fits exploiting both
shape and rate information.
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My personal contributions to these efforts included the optimisation of the event selection and the design of
the signal and control regions, training of the BDTs, modelling studies of the major backgrounds, calcula-
tion of experimental and theory uncertainties and the supervision of two PhD students from the NIKHEF
group, who were mainly working on the likelihood fits and the optimisation of the binning of the fit in-
put distributions. In addition, I was also the coordinator of the analysis efforts, responsible for assigning
tasks, chairing meetings, and discussing the needs of our analysis with the coordinators of the b — WIWW*
group. Furthermore, I was the leading editor of the internal documentation and the manuscript submitted
for journal publication.

Challenges

To finalise the analysis, we had to overcome several challenges. One particularly difficult task was to distin-
guish the h(— WW* — evuv);jj signal process from contributions by the tt — W+bW b — evuvbb
and non-resonant WW (— evpuv)jj backgrounds, given their similar signatures in the detector. One ob-
vious difference between the signal process and the ¢ background is the expected flavour content of their
jets. While top quarks almost exclusively decay into a W boson and a bottom quark, the production of
heavy-flavour quarks in association with a Higgs boson is strongly suppressed. Vetoing events containing
b-tagged jets reduced the contributions from the ¢ background by around 94%, while having little impact
on the signal process. However, the remaining number of t£ events passing the b-tagging veto due to ineffi-
ciencies of the flavour-tagging algorithm were still about two orders of magnitues larger than the number of
expected signal events. Hence, a sophisticated machine learning algorithm, i.e. BDTs, had to be developed
to further reduce contributions from the £ background and from other background sources. To find the
optimal setup for these BDTs, a variety of different observables and hyperparameter configurations were
tested. The input observables to the training of the BDTs were not only chosen based on their potential to
distinguish between the signal and the background processes, but were also required to have no significant
correlation with the A®;; observable in order to prevent the BDTs from preferring one CP hypothesis
over another. After testing dozens of different kinematic observables, a final set of six input quantities was
chosen for the training of the BDTs. Applying these BDTs to the events that were passing the signal region
requirements allowed us to define kinematic regions that had a significantly enhanced contribution of the
signal process. E.g. in the BDT-score interval (0.7, 1.0], the signal contribution was about 11%.

Given the large contributions from the tt background, a precise knowledge of its normalisation was most
crucial to the measurements of the CP-mixing angle cv. Therefore, it was important to define an appropri-
ate top control region. Various control region definitions were compared, and the final choice was based on
two requirements: (a) only few contributions from other background processes should pass the selection
requirements, and (b) the control regions should be kinematically similar to the signal regions to ensure
that extrapolation uncertainties between these regions are small. In this context, the requirements on the
b-tag multiplicity and the jet pr threshold of the b-tagged jet were changed with respect to the signal region
definitions. The tested b-tag multiplicity requirements were: (a) exactly one b-tagged jet, (b) at least one
b-tagged jet, and (c) at least two b-tagged jets. The possible pr thresholds of these jets were either 20 GeV,
25 GeV or 30 GeV. These studies indicated that the smallest extrapolation uncertainties were obtained for
a top control region defined with exactly one b-tagged jet having a pr above 30 GeV.

Another challenge to overcome was the large amount of required Monte Carlo events related to the large
number of different signal hypotheses that had to be tested. Each point on the likelihood curve in Figure 22
corresponds to a different signal hypothesis. To guarantee an appropriately fine scan over o, O(100) dif-
ferent signal samples were required corresponding to around oo million simulated signal events (passing
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the full detector simulation). This large number of Monte Carlo simulations would have exceeded by far
the computing resources available to our team. Instead of producing so many different Monte Carlo simu-
lations, alternative methods had to be pursued. Hence, parameter morphing [148] was introduced into the
workflow of the analysis, and used to interpolate from three distinct benchmark scenarios (cos(a) = 1,
cos(a) = 0,and cos(a) = \/AQ) to a large variety of signal hypotheses. The parameter morphing had to be
carefully validated [149] before it was officially supported by the ATLAS collaboration.

Outlook

The reduction of contributions from the ¢ backgrounds will remain crucial for future measurements of
the CP mixing angle (and other properties of the Higgs boson) in ggF+jets events. Given that the modelling
uncertainties in the ¢ background are the leading systematic uncertainties in the measurement of the CP
mixing angle, further reducing contributions from the ¢¢ backgrounds will be particularly important once
the measurements are no longer statistically limited.

Improving the ATLAS flavour-tagging techniques appears to be a promising approach towards obtaining
more precise measurements in the future. As indicated by the studies of a student, who I superviced in
the context of a B.Sc. project, the background contributions from top quark pair production could be
decreased by around 20%, if the pr threshold of jets used for b-tagging could be lowered from 20 GéV to
15 GeV. Though, in order to implement such a change to the Higgs property measurements, the current
ATLAS b-tagging calibration techniques would have to be extended to such low jet pr values. Alternatively,
newley developed tagging techniques for b-hadrons with transverse momenta too low to yield a calorimeter
jet [150] could be used to reduce contributions of the ¢¢ background in which the heavy-flavour objects are
below threshold. Furthermore, the studies of the B.Sc. student also pointed out that a significant fraction
of t events, currently passing the selection requirements of the ggF + 2 jets signal regions, posses at least one
high-energy b-jet within the forward regions of the ATLAS detector. Thus, a further reduction of the ¢t
background by about 60% could be obtained once the ATLAS inner tracker layout will be upgraded for the
high-luminosity LHC operation [151]. This upgrade of the ATLAS ID will extend the current tracking and
vertexing capabilities to the range 2.5 < || < 4.0, and thus will enable the identification of heavy-flavour
jets in the forward regions.

3.2.3 Study of the Higgs boson couplings to longitudinally and transversely polarised vector
bosons

The Higgs boson couplings to vector bosons hV' V' (with V' = W, Z) are sensitive to a variety of new
physics effects. This has motivated numerous searches for anomalous contributions to the hV'V' vertex.
In Run 1, these searches mainly focused on probing the h — WW* and h — ZZ* decays for BSM CP-
even or CP-odd contributions to the hV'V coupling [70]. Based on a dataset corresponding to 20 fb™* of
pp collisions at a center-of-mass energy of v/s = 8 TeV, the spin and parity J© of the Higgs boson was
strongly indicated to be 0", while a pure BSM CP-even or CP-odd Higgs boson have been excluded at a
confidence level above 99.9%.

Since the beginning of Run 2, searches for BSM contributions to the V'V coupling mainly focus on prob-
ing the VBF production process of the Higgs boson [131, 152, 130, 132]. Most of these studies aim to constrain
CP-violating effects in the HV'V coupling. In addition, the Higgs boson coupling properties to longitudi-
nally and transversely polarised W and Z bosons can be probed in the VBF production mode. Such studies
are of particular interest as they can help to further our understanding of the mechanism of electroweak
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symmetry breaking. According to the SM, the Higgs boson couples equally strong to longitudinally and
transversely polarised vector bosons. However, if the Higgs boson were not a fundamental particle but a
bound state, as predicted in e.g. Higgs compositeness models [153, 154], significant deviations with respect
to the SM expectations may occur.

A first study of polarisation-dependent Higgs boson couplings to the massive electroweak gauge bosons
were published by the ATLAS collaboration via [107]. These studies are based on data from pp collisions
at a center-of-mass energy of 13 TeV and correspond to the data taking periods in 2015 and 2016 yielding
an integrated luminosity of 36.1fb~".

Figure 23: Example of a Feynman diagram contributing to the production of a Higgs boson in association with two
jets via the fusion of two vector bosons (V') at leading order in QCD and subsequent decay of the Higgs boson into
two vector bosons.

Signs for polarisation-dependent couplings between the Higgs boson and the W and Z bosons are searched
for by setting constraints on polarisation-dependent coupling-strength scale factors, which are defined in

Ref. [155] as
9HVI, Wi JHVLV:
a, = —/——=, ap = ——, (4)
gaVV gHVV

with ggvv being the SM HV'V coupling strength, while gy, v, and g vy v are the measured polarisation-
dependent couplings. According to the SM, ay, and ar are equal to unity. Since the polarisations depend
on the measurement frame, the above description is not Lorentz invariant and as such cannot be described
in the Lagrangian framework. Instead, the parameters aj, and at can be mapped to pseudo-observables
(PO:s), following the arguments in Reference [156]:

kyy ~ap, eyy ~0.5-(ar —ar).

The kinematic distributions of the two jets produced in association to the Higgs boson are related to the
intrinsic structure of the Higgs boson production vertex and carry information about the polarisation of
the fusing gauge bosons. Hence, variations in ar, and at (and by construction also kv and eyy/) with
respect to the SM expectations will lead to a shape modulation of distributions such as the A®;;, as shown
in Figure 24. In addition, the total production cross section of the Higgs boson is particularly sensetive to
variations in the parameters ay, and Ky given that longitudinal polarisation vectors of the massive gauge
bosons are proportional to the energy transfer. The polarisation-dependent Higgs boson couplings to the
massive vector bosons are therefore constrained by exploiting both the rates of the VBF Higgs boson pro-
duction process as well as the distribution of the signed A®;; observable, where the SM expectations are
compared and tested against a large variety of different ar,, ar, Kyy and ey parameter choices.
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Figure 24: Distributions of the signed A®; observable shown for various configurations of the ay, and aT param-
eters in VBF events. These comparisons are performed at the generator level using the predictions of the MAD-
GrarHs5_aMC@NLO 2.4.2 + PYTHIA 8.212 [143] generators.

The analysis is performed on events that resemble the h (— WW™* — evpuv) + 2 jets final state [111, 107].
Events are retained for further analysis if they contain exactly two charged leptons of different flavour and
at least two jets being emitted in opposite hemispheres. To suppress contributions from ggF + 2 jets pro-
duction, candidate events are not allowed to have hadronic activity in the central region of the detector (i.c.
a central jet veto is applied). Contributions from top-quark pairs are reduced by vetoing events containing
any b-tagged jet. In addition, boosted decision trees (BDTs) are used to further distinguish between the
signal and the various background processes. These boosted decision trees are trained exploiting informa-
tion from observables such as the invariant di-jet and di-lepton masses, the transverse Higgs boson mass,
the rapidity difference between the two jets, and the lepton centralities, which quantify the position of the
charged leptons relative to the two VBF jets. The BDT-score distribution is divided into four disjoint cat-
egories defined by the intervals [—1,0.26,0.61, 0.86, 1]. The intervals corresponding to low values of the
BDT score are strongly dominated by the backgrounds, while intervales corresponding to higher values of
the BDT score have significant contributions from the signal process and relative low contributions from
the backgrounds (as shown in Figure 25).

The most dominant background contributions stem from the production of top-quark pairs and single top
quarks (W), non-resonant di-boson production (WW, W Z, ZZ), and Drell-Yan Z /~* (primarily from
Z — 77 decays). Other significant background contributions arise from W +jets and multi-jet production
with misidentified leptons, which originate either from decays of heavy-flavour hadrons or from jets mim-
icking prompt-lepton signatures in the detector. This misidentified lepton background is estimated with
a data-driven technique [11]. All other backgrounds are estimated using Monte Carlo simulations, where
the normalisation of the combined ¢t and Wt backgrounds, and the Z(— 77)+jets production process
are determine via data exploiting dedicated control regions.

The final results are obtained by performing maximum likelihood fits based on the signed A®;; observable
(see Figure 26), which is probed separately in each of the four BDT-score intervals within the VBF signal

40



£ F T T i T
5 2500 CATLAS —<4-Data  \\\ Uncertainty
=
” - H H
£ [ H—WW* . evuv, N je 2 2 VBF E]tf;/\?\/l:t =ngv;

e = -1
5 2000rs=13Tev, 3611 Wz, [CMisid

Bvv

1500
150

1000 100

Events/bin

50

[-1,0.26]  [0.26,0.61] [0.61,0.86] [0.86,1.0]

BDT score

Figure 25: Post-fit distribution of the BDT score showing the signal and background contributions in the VBF signal
region. The hatched band shows the total uncertainty of the signal and background processes [111].

region, as well as the signal and background yields in the top quark and Z — 77 control regions. Different
types of fit configurations are used to constrain the parameters of interest, i.e. the (ar,, ar) and (kv v, ey ).
In each fit, a wide range of coupling parameter (or pseudo-observable) hypothesis are probed aiming to find
the value that fits the data best. In one configuration, one-dimensional fits are carried out scanning over
one of the two parameters, while fixing the other parameter to its SM value. In the other configuration,
fits to one parameter are performed with the other being profiled, i.e.the other parameter is allowed to vary
independently. These fits are performed exploiting either only the dependence of the input distribution’s
shape on the selected parameter of interest or both shape and rate information.
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Figure 26: The weighted A®; distribution in the VBF signal region, with signal and background yields fixed from
the fit for ey using shape and rate information. Data-to-simulation ratios are shown at the bottom of the plot. The
shaded areas depict the total uncertainty.

The results are presented as negative log-likelihood (NLL) curves, which are functions of the relevant cou-
pling parameters (or pseudo-observables). These curves are presented in Figures 27 and 28. The best es-
timate for the parameter of interest is obtained at the point where the NLL curve reaches its minimum.
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In addition, central confidence intervals at 68% (1) and 95% (20) at the positions where the likelihood
curves reach values corresponding to 2ANLL = 1 and 3.84, respectively.

In the one-dimensional likelihood fits, where the other parameter was set to its SM value, shape informa-
tion is sufficient to constrain the coupling to transversely polarised vector bosons as shown in Figure 27 (a).
With this fit configuration at = 1.31){(stat.)T03(syst.) is obtained. In all other fit configurations, infor-
mations from both shape and rate are required to constrain the parameters of interest”. When using both
shape and rate information, ap = 1.19f8:§;(stat.)f8:ﬁ(syst.) and ay, = 0.901“8:(1)3(stat.)fgz(l)g(syst.) are
obtained. With an approximate mapping to pseudo-observables the following constraints are obtained in a
fit where one parameter is scanned and the other parameter is profiled: £y = 0.917019(stat.) ) 5(syst.)
and eyy = 0.1370 25 (stat.) 70 95(syst.). All measurements are consistent with the expectations for the SM
Higgs boson. The dominant sources of uncertainty are related to the limited data statistics and to the un-
certainties in modelling of backgrounds from the top-quark pair and non-resonant W' production. The

impact of other systematic uncertainties is significantly smaller.
Further results from this study are presented in Reference [107].

Personal contributions

The studies of the Higgs boson couplings to longitudinally and transversely polarised vector bosons were
conducted by a team of researchers from NIKHEF, the University of Freiburg, DESY Hamburg, the In-
stitute of Nuclear Physics in Cracow (IF] PAN), and myself. The analysis team was almost identical to
the one that performed the CP studies of the effective Higgs-gluon interaction. Since both analyses were
performed in the same final state, many tasks and challenges were common to both analysis efforts, so per-
sonnel and resources were shared.

I made significant contributions to these efforts. As the coordinator of this analysis, I assigned tasks, chaired
meetings, and discussed the needs of our analysis with the coordinators of the physics group for Higgs
boson property measurements. I also supported and guided a Ph.D. student from the NIKHEF group who
produced and validated signal samples, validated the modelling of the dominant background processes,
and worked on the statistical interpretation of the analysis results. Additionally, I helped to evaluate the
modelling uncertainties of the major backgrounds.

Challenges

Similar to the CP studies, these measurements were the first of their kind at the LHC. However, unlike
the CP studies, the analysis strategy did not need to be developed from scratch. This is because the VBF
signal and control region definitions and the BDT training could be reused from an existing measurement
of the Higgs boson production cross section in the VBF production mode [111]. However, modeifications
to the background model were required since we studied the A®; observable in all four categories of the
BDT score distribution, while the cross section measurement only used the signal and background yields
to these regions.

Understanding the modelling of the A®;; distribution in the four BDT score intervals was one of the most
challenging tasks of this analysis. A particular challenge was the known mismodelling of the Z+jets back-

»Using rate information adds a certain degree of model dependence, as the rate can be affected by BSM effects beyond the scope
of this analysis. Thus, performing fits based only on the shape of the the input distribution are generally preferred.

42



2 ANLL

T T

\H‘H\‘\H‘H\‘\Hlu\‘\u‘u\ L

:II L L e B B
= 16 ATLAS
<4 4f (5=13TeV, 36.1 10"
N T
FH - WW* . evuv
1.2~ — Expected
F — Observed
1
0.8
0.6~
0.4
0.2
O:Hx‘”m”umu‘m”
-1 -0.5 0

0.5

p

(a) a shape only fit with ar, = 1

6EATLAS

F{s=13 TeV, 36.1 fb™ 1
sFH(-» WW* - evuv) jj -

r — Expected ]
a4 —Observed \\ - 20
3 =
2F =
S i i o
0:‘ e b by by Y (T BRI \7

-1 -0.5 0 0.5 1 1.5 2

(b) at shape+rate fit with ar, = 1

2 ANLL

[ T
6-ATLAS B
F Vs=13 TeV, 36.1 fb™ ]
sEH(- WW* - evuv) jj i
F — Expected E
4 ——Observed  \ N ] =
3F =
2F =
T a2 S =
E. 1 ! 3

0 -0.5 0 0.5 1
aL

(c) ar, shape+rate fit withap = 1

Figure 27: Likelihood scans over the transversely (a) and longitudinally (b) polarised couplings. Fits using shape+rate
information are shown. All relevant experimental and theoretical systematic uncertainties are considered in the fits.
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ground for large An); values, where the default Monte Carlo generator for Z+-jets backgrounds, SHER PA
2.2.1, severely overshoots the data [157]. To mitigate this mismodelling, we introduced additional nuisance
parameters to the likelihood fit to modulate the shapes of the A®;; and BDT response distributions of
all backgrounds. We obtained these shapes uncertainties by reweighting the di-jet invariant mass spectrum
such that the data and simulations agreed**. We then compared the A®;; and BDT response distributions
before and after the reweighting was applied, and took their difference as an uncertainty.

3.3 Combination of Higgs boson coupling property measurements

Ten years after its discovery, the Higgs boson’s properties have been measured with unprecedented pre-
cision in almost all dominant production modes and decay channels. Its couplings to vector bosons and
third-generation leptons and quarks agree well with the predictions of the Standard Model. In the next
few years, the ATLAS and CMS collaborations expect to measure the Higgs boson’s couplings to second-
generation leptons, as they have recently achieved significances ranging from 2.00 to 3.00 in their searches
for the h — p*pF decay mode [158, 159]. Furthermore, ATLAS and CMS have set strong upper limits
at 95% confidence level on the product of the cross section and branching ratio for the pp — h — Zv
production mode. Observed (expected) upper limits by ATLAS are 3.6 (2.4) times larger than the Standard
Model predictions, while the observed (expected) upper limits by CMS are 4.1 (1.8) times larger. Thus, the
discovery of the pp — h — Z+y decay channel is also just a matter of a few more years of data taking.

The ATLAS and CMS collaborations recently published a detailed map of the measured Higgs boson prop-
erties [75, 76]. These publications focused on the statistical combinations of individual Higgs boson prop-
erty measurements. The combination procedure is based on simultaneous fits to all relevant production
and decay modes to maximise the use of the available data. Because the individual analyses are complemen-
tary, the statistical combinations significantly strengthen the constraints on the Higgs boson properties.

The combined cross section measurements are based on results from studies of h — bb [160, 161, 162, 163],
h — WW* — (*ulFv [103,104], h — 7777 [m4], h = vy [29], h — ZZ* — (070107 [m3],
h — Z~y — {707 [164] and h — ptp~ [158] decays®, which are based on the full set of Run 2 data.
For these studies the ggF, VBF, Wh, Zh, tth, and th production modes of the Higgs boson are taken into
account®.

Assuming that all production and decay modes scale with the same global signal strength*, the inclusive
Higgs boson production rate relative to the SM prediction is measured to be

= 1.05=+0.06 = 1.05 £ 0.03(stat.) £ 0.03(exp. syst.) & 0.04(sig. theo.) £ 0.02(bkg. theo.)

The total uncertainty of this measurement are decomposed into components for statistical uncertainties,
experimental uncertainties, and theory uncertainties in the modelling of the signal and background pro-

*#The non-closure between data and simulations is on the order of a few percent at low m ;; values, and ranges up to 15% for
m,;; values above 1 TeV.

»The relative weight of each measurement depends on its precision. Le. the more precise a measurement is, the stronger it
contributes to the combined result.

26The bbh process is experimentally indistinguishable from ggF production as the associated b-jets are emitted into the forward
region of the detector, where the b-tagging efficiencies are low. Thus, the bbh and ggF processes are grouped together, with
bbh contributing by about 1%.

*7The Higgs boson production is also studied separately for each production mode. The results are presented in Reference [75].
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cesses. A similar combination of the inclusive Higgs boson production cross sections has recently been

performed by the CMS collaboration [76] yielding a global signal strength of

p=1.00 £ 0.06 = 1.00 £ 0.03(stat.) £ 0.03(exp. syst.) £ 0.04(sig. theo.),

which is compatible to the ATLAS results within the uncertainties. For the combined measurements from
both ATLAS and CMS, the experimental and theoretical uncertainties are decreased by almost a factor of
2.0 with respect to those in the Run 1 result [80], while the statistical uncertainties are decreased by a fac-
tor of 2.3. Overall, the total uncertainties in the new combined measurements are decreased by a factor of
around 4.5 compared to the Run 1 results. By now, the measurements of inclusive Higgs boson produc-
tion cross sections are no longer statistically limited. Hence, future measurements require a more precise
description of the signal processes and the relevant backgrounds in order to significantly improve the latest
results.

Figure 29 shows the results of the combined production cross section measurements and the combined
branching ratio measurements. For the gluon-gluon fusion (ggF) and vector boson fusion (VBF) produc-
tion modes, which were already observed during Run 1 of the LHC, the cross sections are measured with
a precision of 7% and 12%), respectively. In addition, the newest combined measurements now also lead
to observations of the Wh, Zh, and the tth + th production modes, which are observed (expected) with
significances of 5.80 (5.10), 5.00 (5.50), and 6.40 (6.60), respectively.
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Figure 29: Observed and predicted Higgs boson production cross-sections and branching fractions. (a) the cross sec-
tions for the different Higgs boson production modes are measured assuming SM values for the branching ratios.
(b) the branching ratios for different Higgs boson decay modes are measured assuming SM values for the produc-
tion cross sections. The lower panels show the ratios of the measured values to their SM predictions. The combined
p-value indicating the compatibility of the measurement and the SM prediction is 65% for the cross section measure-
ments and 56% for the branching ratio measurements [75].

The latest combined measurement of kinematic properties of the Higgs boson production is based on in-
dividual measurements for all relevant production processes using the STXS framework. Depending on
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the available statistics, the cross sections are probed for disjoint kinematic regions, which are defined sep-
arately for each production process based on the jet multiplicity, the transverse momentum of the Higgs
boson (pr), the momentum of vector bosons (pY and p%) and the invariant di-jet mass (m;). In total, 36
independent measurements are performed (see Figure 30), which are all consistent with the SM predictions.

Compared to previous results based on a partial Run 2 dataset [165], a significantly larger number of kine-
matic regions are probed. In particular, the granularity of regions targeting Higgs bosons with a high trans-
verse momentum was increased. Events containing such highly boosted Higgs bosons are considered to be
particularly important given their enhanced sensitivity to BSM effects [166]. As a consequence, it can be
expected that more effort will be made in the near future to develop dedicated reconstruction algorithms
for identifying highly Lorentz-boosted Higgs boson decays.
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Figure 30: Observed and predicted Higgs boson production cross sections presented in different kinematic re-
gions [75]. The vertical bar on each point represents the 68% confidence interval [75].

The combined measurements of Higgs boson production cross-sections, simplified template cross-sections,
fiducial differential cross-sections, and decay rate measurements are commonly used to constrain Wilson
coefficients in effective field theories and UV-complete extensions such as the two-Higgs-doublet model

and the Minimal Supersymmetric Standard Model. The most recent results of such interpretations are re-
ported in Reference [167].
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4 Recent searches for new heavy di-boson resonances

Direct searches for new particles and phenomena beyond the Standard Model have been a major focus
of particle physics experiments in recent years. One particularly active area is the search for di-boson res-
onances, i.e. new heavy particles decaying into a pair of bosons such as WW, WZ, ZZ, Wh, Zh, or
7. Examples of BSM theories that predict di-boson resonances are composite Higgs models [168, 169],
technicolour models [170, 171], or warped extra dimensions [172, 173]. These models are theoretically well
motivated as they offer solutions to the naturalness problem. Di-boson resonances are also predicted in
models with an extended scalar sector [127, 174].

By now, a diverse set of characteristic final states including di-photon, multi-lepton, lepton + jets, and
multi-jet signatures is used to search for di-boson resonances [175] and to constrain theories predicting

BSM physics.

Depending on the specific BSM scenario that is investigated, a di-boson resonance can be produced through
various mechanisms: gluon—gluon fusion (ggF), quark-antiquark annihilation (qqA), bottom-quark and/or
top-quark associated production (bl_)X , ttX, or bt H"), vector-boson associated production, or vector-
boson fusion (VBF). Figure 31 presents representative lowest order Feynman diagrams for these production
processes.

q 9
0 = N,
X0 X
q 9
(a) quark-antiquark annihilation (b) gluon-gluon fusion

(d) bbX () tEX () bEX+

Figure 31: Representative lowest order Feynman diagrams for possible production modes of BSM particles at the
LHC.

An extensive overview of recent searches for di-boson resonances at the LHC is given in Table 2. These
searches cover relevant production modes and a diverse set of difterent final states. The table also highlights
which spin hypotheses are covered by each analysis.
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Table 2: Recent di-boson resonance searches performed by the ATLAS and CMS experiments.

Production mode Decay channel Spin-o | Spin-1 | Spin-2 Reference
ggF, VBF 27 — (00T v - v [176, 177]
ggF, VBF 27 — vvl*(T v - v [176, 177]
ggF, qqA, VBF WHEWT — (tulty v v v [178, 179]
VBF WEW* — (Fvlity v - - [180]
qqA, VBF W*Z — (Ful+(F v v - [181]
ggF, qqA WEW=/WFZ/Z7 — qqqq v v v [182, 183, 184]
ggF, qqA, VBF W*Z/Z7 — vvqq v v v [185, 186]
ggF, qqA, VBF WinF/WiZ — (*vqq v v v [185, 187, 188, 179]
ggF, qqA, VBF WZ|ZZ — (¥17qq v v v [185, 177]
qqA Wh/Zh — qgbb - v - [189, 184]
ggF, qqA, bbX,VBE Zh — vvbb v v - [190, 191]
qqA, VBF Wh — (*vbb - v - [190, 188]
ggF, qqA, bbX, VBF Zh — (£0Fbb v v — [190, 191]
ggF, bbX Zh — (F(FrErT v - - [192]
ggk, VBF 7Y v - v [193, 194, 195]
ggF, qqA Zry — (F(Ty v - v [196]
ggF, qqA Zy Wy — qqy v v v [197, 198]
qqA h~y — bby - v - [199, 200]

These searches are typically designed to be as model independent as possible. This is achieved by probing for
alocalised excess in a characteristic distribution such as the invariant or transverse mass of the relevant final
state particles (see Figure 32). In the absence of strong indications for contributions by a signal process, up-
per limits on the production cross section and/or branching ratio are set at the 95% confidence level (CL).
The upper limits are typically evaluated using a modified frequentist method known as C'Lg [201] and a
profile-likelihood-ratio test statistic using either an asymptotic approximation approach [202] or pseudo-
experiments if necessary. The results are derived independently for different production modes, spin and
CP hypotheses, and are subsequently interpreted in the context of simplified theories. Some of the most
commonly used BSM theories are briefly introduced in Section 4.1.

The following sections present a representative selection of recent results on searches for new heavy di-
boson resonances based on proton-proton collision data at /s = 13 TeV, with the full Run 2 dataset
collected by the ATLAS detector. Sections 4.2 and 4.3 describe searches performed by the ATLAS collab-
oration that I have been leading recently. These searches probe for new heavy particles that decay into a
Higgs boson and a vector boson V' (with V' = W or Z). Further prominent di-boson resonance searches
are briefly discussed in Section 4.4. Most of these efforts were carried out, while I was the coordinator of
the ATLAS di-boson resonance searches. A statistical combination of di-boson, di-lepton and di-quark
searches is described in Section 4.5, while Section 4.6 gives a brief outlook into future developments within

the field.
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Figure 32: A schematic representation of a resonant signal over the smoothly falling mass spectrum of a background
process.

4.1 Simplified Models

Resonance searches are typically not sensitive to all of the free parameters of an underlying theory. Instead,
they are only sensitive to those parameters or combination of parameters that control the mass and width of
the resonance, as well as the interactions involved in its production and decay mode. This allows for the use
of simplified models, which are described by phenomenological Lagrangians containing only the essential
couplings and mass parameters. This approach makes resonance searches relatively model-independent.
Some common examples of simplified models are discussed below.

4.1 Extended Higgs Sector

A common denominator in a large fraction of BSM theories is an extended scalar sector as opposed to the
minimalistic approach that was initially proposed by Peter Higgs, Frangois Englert, Robert Brout and oth-
ers [203, 204]. In fact, simple extensions to the Higgs mechanism of the SM can facilitate baryogenesis and
thus explain the large asymmetry between matter and antimatter [205], enhance vacuum stability [127], pro-
vide dark matter candidates [94], or provide a solution to the strong CP problem, i.e. predict axions [206].
In short, extending the scalar sector provides solutions to some of the questions the Standard Model fails
to answer. Furthermore, extending the scalar sector, inevitably leads to the existence of additional neutral
and/or charged Higgs-like particles which may be accessible at current collider experiments.

Extensions of the scalar sector may appear ad hoc at first glance. Yet, many such scenarios are intrinsically
important for theories attempting to solve the shortcomings of the SM. For instance, two Higgs doublets
are necessary in models with a supersymmetric extension of the Standard Model [207, 208], while Higgs
triplets are required in models generating neutrino masses, such as those employing the seesaw mecha-
nism [209, 210, 211].

Two extended scalar sector models are discussed below. These models are commonly used to interpret the
results of di-boson resonance searches conducted by the ATLAS and CMS collaborations.
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Two-Higgs-Doublet Model

One of the simplest possible extension of the Higgs sector is obtained by adding an additional complex
SU(2), doublet to the theory. This extension is referred to as the two-Higgs-doublet model (2zHDM).
Following the arguments in Reference [127], the Higgs potential of the most general 2HDM is conven-
tionally parametrised as

A A
V(®1,®5) = %, B0, + b, 0L, — miy(2]0, + B8y + 22 (2]01)7 + 22 (@],

A
+ Xa(@]01) (@102) + Au(@] @) (@}01) + | (@]02)? + (})?]

where all the parameters are real. The minimisation of this potential gives:

with v; and vy being the vacuum expectation values of the two fields. By convention, one sets v =

/% 4 v3 = 246 GeV. Having two complex scalar SU(2) doublets, there are eight fields:

b2 (U1,2 + hig+ Z'771,2)/\/5

Three of those get absorbed to give mass to the W*and Z gauge bosons. The remaining five fields corre-
spond to physical states. Assuming that the Higgs potential is CP-conserving, two of these physical states
are charged scalars (H*), two are neutral scalars (H and h), and one is a pseudoscalar (A).

The most important parameters of the 2HDM are tan 3 = Z—i, i.e. the ratio of vacuum expectation values,
and a, which is the mixing angle of the two CP-even neutral scalars. The parameters o and 3 govern the
interactions of the Higgs fields with both vector bosons and fermions, thus determining the phenomenol-
ogy of the extended Higgs model. For cos( — a) — 0, the couplings of the lighter neutral scalars (h)
become identical to those predicted by the SM. This behavior is referred to as the alignment limit.

Typically, four prominent versions of the 2HDM are considered, distinguished by how the SM particles
couple to the two Higgs doublets:

* Type I: one Higgs doublet couples to vector bosons, while the other doublet couples to fermions.

* Type II: one Higgs doublet couples to up-type quarks and the other one to down-type quarks and
charged leptons.

* Lepton-specific: the Higgs bosons have the same couplings to quarks as in the Type I model and to
charged leptons as in the Type II model.

* Flipped: the Higgs bosons have the same couplings to quarks as in the Type I model and to charged
leptons as in the Type I model.

Each of these four scenarios has seven free parameters: ma, mgy, mpy=, my, tan 3, cos(f — «), and mi,.
Further versions of the 2HDM are obtained by relaxing some restrictions, such as CP conservation or the
absence of flavor-changing neutral currents. CP-violating 2HDM:s are discussed in References [212, 213],

while flavor-violating versions of the 2HDM are discussed in References [214, 215].
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Higgs Triplet Models

Another approach to extending the scalar sector involves Higgs Triplets, which are a popular solution for
the generation of neutrino masses [209, 210, 211]. However, these and other models with high-dimensional
Higgs multiplets are generally severely constrained. To fulfill these constraints, fine-tuning of the theory
is required, with the simplest allowed options being models that contain Higgs multiplets without neutral
states or representations with a very small vacuum expectation value [216].

The Georgi-Machacek (GM) model [174, 217, 218] is a specific example of a Higgs triplet model, where the
Higgs sector includes two electroweak triplets (one real, one complex) alongside the standard doublet. This
model preserves the custodial SU(2) symmetry and allows for larger values of the triplet’s vacuum expec-
tation value. These large values can lead to significant mixing between the GM and the SM sector leading
to a wide range of interesting new signatures that can be probed at the LHC.

The scalar sector of the GM model consists of a complex doublet (¢, ¢°) with hypercharge Y = 1, which
is responsible for the fermion masses as in the SM, one real SU(2) , triplet (7, &Y, ™) with hypercharge
Y = 0, and one complex SU(2), triplet (x ™+, x™, x?) with hypercharge Y = 2. In order to make the
global SU(2), x SU(2) g symmetry explicit, the doublet is written in the form of a bi-doublet ®, and the
triplets are combined to form a bi-triplet X:

0x + o+
(I)O* (I)+ X 5 X
¢ = <—(I)_ (I)O) , X=X 50 X+ (s)
X~ =& X

The most general gauge-invariant scalar potential of the GM model can be written as:

2 2
V(@) = 52T (010) + EX Tr (X1X) 4 A [T (210)]” + 4y Tr (@10) Tr (X1X)

+ A Tr (XTXXTX) 4 A [Tr (XTX)] = A5 Tr (@17,®7,) Tr (X ¢, X1,)
— M Tr (®'7,®07,) (UXU )y — Mo Tr (X1t X1s) (UXUT)p,

where the 7; are the generators for the doublet representation of the SU(2), the ¢; are the generators of the
triplet representation of the SU(2), and the matrix U, which rotates X into the Cartesian basis [219].

After electroweak symmetry breaking, ten physical states remain. These Higgs bosons are organised in cus-
todial symmetry multiplets: one fermiophobic quintuplet (H; ™+, H:", HY, H; , H; ~) of common mass
ms, one triplet (/. o, HY, H; ) of common mass ms3, and two CP-even singlets (h and H') with masses my,
and my, respectively. One of the singlet states, h or H, is identified with the already discovered 125 GeV

Higgs boson. The phenomenology of the GM model is strongly dependent on the parameters cos 0y = 2

v
2\/§UX

v bl

andsin g =

follow v = 4 /’1}35 + 82}% ~ 246 GeV.

where v, and v,, are the vacuum expectation values of the doublet and triplets, which

Given that the quintuplet scalars do not couple to fermions, their phenomenology difters significantly
from additional Higgs bosons found in singlet extensions of the SM [220] or 2HDMs. Instead of gluon-
gluon fusion or top-quark associated production, their dominant production modes are via vector-boson
fusion or Higgs-Strahlung. Furthermore, their decay modes also differ with respect to other extended
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scalar sector models: the singly-charged scalars primarily decay via * 5 W*Z,a process strongly sup-
pressed in 2HDMs, while the neutral Higgs bosons predominantly decay into WEWT or ZZ, and the
doubly-charged Higgs bosons exclusively decay via H** — W*W*. These unique characteristics make
quintuplet scalars attractive targets for di-boson resonance searches, which are typically used to probe the
ms—sin 0y plane of the so-called Hsplane benchmark scenario [83].

4.1.2  Heavy Vector Triplets

Searches for new heavy spin-1 particle are commonly interpreted in the context of the Heavy Vector Triplet
(HVT) model [221]. The HVT model comprises an iso-triplet of additional colourless vector bosons with
zero hypercharge: an electrically charged W’ boson and an electrically neutral Z’ boson, with masses that
are nearly identical. A small number of new coupling parameters are introduced to govern the strength of
the W’ and Z' bosons’ interactions with the SM particles. The Lagrangian is then defined via:

1 mi
Ly = =Dy ViDrvie + ZEviyee

op
+iguViHI TD H + gV gt
+ %cwveabcv;vjz)[w”] + g%/CVVHHV;:lVMaHTH - gCvaeabCWuuaV:VVc7

where the first line describes the kinetic and mass terms of the new fields, the second line incorporates their
direct interactions with the Higgs current and left-handed fermionic current, and finally the third line in-
cludes higher-dimension operators, which are however not accesible at the LHC. The parameters gz and
gy correspond to the coupling strengths between the triplet field and the Higgs and fermion fields, respec-
tively. The triplet field interacts with the Higgs field and consequently with the longitudinally polarised W/
and Z bosons according to the equivalence theorem [222]. Therefore, g5 governs the interactions of the
W' and Z' bosons with the SM vectors and with the Higgs boson, and in particular its decays into bosonic
channels. The other free parameters of the theory are the masses of the W’ and Z’ resonances, which are
degenerate.

For the interpretations of their results, the ATLAS and CMS collaboration focus on three representative
scenarios:

* Benchmark model A corresponds to the parameter choice gr = —0.55 and gy = —0.56, which
reproduces the phenomenology of weakly coupled extended gauge theories [223].

* Benchmark model B corresponds to g = 0.14 and gy = —2.9, which implements a strongly
coupled scenario as in composite Higgs models [168].

* Benchmark model C corresponds to g = 0 and gy = —0.56, which results in the W’ and Z’
bosons being fermiophobic.

In the benchmark model A, W’ and Z’ resonances have larger couplings to fermions than bosons, with
branching fractions to quarks enhanced by QCD colour factors. Conversely, model B features large branch-
ing fractions to boson pairs (WEWT, 22 W*Z, Zhand W*h). Benchmark models A and B are typically
used to interpret results from di-boson resonance searches in the gqqA production mode, while benchmark
model Cis used for interpreting results from searches for the VBF production mode. The lowest order Fey-
man diagrams of the qqA and VBF production modes of W' and Z’ resonances, indicating the relevant
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coupling parameters for the production and decay vertex, are presented in Figure 33. Other production
modes of the W’ and Z' resonances are insignificant and are therefore not considered in the ongoing search
efforts.

q q q
Vih V/h
/ /
gf v 9H 9gH 4 9gH
V/h
i} V/h
q q q
(a) quark-antiquark annihilation (b) vector-boson fusion

Figure 33: Lowest order Feyman diagrams of (a) the quark-antiquark annihilation production mode and (b) the
vector-boson fusion production mode of a V' boson (with V! = W', Z’) from the Heavy Vector Triplet model.
The V' boson decays into a pair of SM bosons. The relevant coupling parameters are indicated at the production
and decay vertices.

4.1.3 Warped Extra Dimensions

Warped extra dimension models [173] propose the existence of an extra spatial dimension that is compact-
ified between two fixed “branes”. The region between these branes, known as the bulk, is governed by an
exponential metric. The warp factor (k) in this metric, a fundamental component of these models, controls
the gap between the Planck scale (Mp;) and the EW scale. This class of models predicts the existence of new
particles with significant branching ratios to di-boson systems. Particularly interesting in this context are
the spin-o radion (1) and the spin-2 Kaluza-Klein excitation of the graviton (G k i) [172]. Their branching
ratios are illustrated Figure 34.

Two types of warped extra dimension models are commonly used to interpret results from searches for
spin-2 particles. In the Randall-Sundrum 1 (RS1) model, only gravity is allowed to propagate in the extra
dimension. The couplings between the KK gravitons and matter fields are controlled by the dimensionless
parameter V81 -k /Mp). Benchmark scenarios where V81 -k /Mp; is respectively set to 0.01, 0.0, 0.1, 0.5
and 1.0 are typically considered by the ATLAS and CMS collaborations. In contrast, the Randall-Sundrum
(RS) bulk model allows the SM fields to propagate in the extra dimension. This leads to KK graviton cou-
plings that depend on the localisation of SM fields in the bulk.

The scalar radion is introduced to the Randall-Sundrum framework in order to stabilise the radius of the
compactified extra dimension, 7. [224, 225]. The coupling of the radion to SM particles scales inversely
proportional to the model parameter Ap = e~kmre .\ /6 M, 3 |k, where Mj is the five-dimensional Planck
mass. The size of the extra dimension is therefore given via k7r.. A benchmark scenario with krr, = 35
and Ar = 3TeV is usually considered.
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Figure 34: Decay branching ratios of a RS1 graviton (top left), bulk RS graviton (top right), and radion (bottom).
Solid lines assume a fully elementary top quark, while the dashed lines ignore the coupling of the graviton to top
quarks[226].

4.2 Searches for a heavy resonance decaying to Zh or Wh

Searches for the resonant production of a Higgs boson and a W or Z boson are strongly motivated by
the large number of different models that predict these processes. Examples are: Minimal Walking Tech-
nicolour [170, 171, 227], Little Higgs [228], composite Higgs [169, 229], and models with extra dimen-
sions [172, 173, 230], which all attempt to solve the electroweak hierarchy problem by introducing new
heavy vector bosons that have large branching fractions for decays into a Wh or Zh system. Furthermore,
several theories with an extended Higgs sector, such as two-Higgs-doublet models [127, 231], three-Higgs-
doublet models [232], or Higgs triplet models [233, 234, 235, 236] predict pseudoscalar resonances decaying

vian A — Zh.

Semi-leptonic final states comprising b-quark pairs from the Higgs boson decay and leptons (including
electrons, muons, or neutrinos) from the vector boson decays are promising candidates for the search for
Zh and W h resonances. The h — bb decay provides the highest sensitivity due to the largest Higgs boson
branching fraction, while vector boson decays into pairs of leptons ensure high trigger efficiencies over a
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large range of resonance masses and overall a much cleaner signatures in the detector compared to fully-

hadronic final states. Therefore, sea_rches for Zh and Wh resonances tend to focus_on the following three
search channels: Z/ — Zh — vvbb, W' — W*h — (vbb,and Z' — Zh — ((bb.

The searches for Zh and W h resonances probe for a localised excess in the invariant mass distributions
of the fvbb and ¢¢bb final states as well as the transverse mass distribution of the vvbb final state. Because
these searches cover a wide range of mass values, from a few hundred GeV to a few TeV, dedicated analysis
techniques are used to ensure a high sensitivity to both low- and high-mass resonances. At low resonance
masses, when the final state particles have a relatively low Lorentz-boost, the decay products of the Higgs
boson are reconstructed as individual jets (such decays are referred to as “resolved”). At high resonance
masses, when the final state particles have a relatively large Lorentz-boost, the Higgs boson is reconstructed
as a single large- 12 jet (such decays are referred to as “merged”).

The most recent search for Zh and W h resonances in semi-leptonic final states by the ATLAS collabora-
tion is based on 139 fb™! of /s = 13 TeV pp collision data [190]. This search is performed on events
consistent with the vvbb, {vbb and £¢bb final states, where £ = e or y1. Consequently, events that contain
exactly zero, one, or two charged leptons and at least two small- 2 jets or one large- R jet are retained for fur-
ther analysis. Each of these three final states produces a characteristic signature in the detector. Examples
are depicted in Figures 35 and 36.

The signal candidate events are triggered using E™ triggers [237] (applied in the o- and -lepton channels)
and single-lepton triggers [238, 239] (applied in the 1- and 2-lepton channels). Dedicated selection require-
ments are applied to the three lepton channels to reduce contributions from relevant background sources.

The o-lepton channel is dedicated to the search for Zh — vvbband W*h — 7 ,wbb decays. For the
Z'" and A boson searches, events are vetoed if they contain any electron, muon, or hadronically decaying
T-lepton candidate. For the W’ search, the veto on 7-lepton candidates is relaxed such that events with
at most one 7-lepton are selected aiming to recover W/ — Wh — Ty,qvbb events. Furthermore, strict
selection requirements on the FM, pRiss and the EM significance are placed to suppress backgrounds
from multi-jet production. Selection requirements are not only applied on the magnitudes of these three
observables, but also on the angular separation between the 2 and pi™™* vectors, AP (E%iss, Piss) “and
on the angular separation between the E* vector and the momentum vector of the Higgs boson candi-

date, A®(E™s 1), The selection requirement on AP (Emiss pmiss) removes events in which a significant
fraction of the E™™ originates from pile-up activity. The selection requirement on AP (E%iss, h) removes
events in which a significant fraction of the E™ is caused by incorrect measurements of the jet energies.
After applying these requirements, the contributions from the multi-jet background are negligible, while
large background contributions originate from the W +jets with around 15%, Z+jets with about 30%,

and top-quark pair production with around 50%.

The r-lepton channel is dedicated to the search for W/ — W*h — (vbb decays. Hence, selected events are
required to have exactly one electron or one muon. In these events, the W boson candidate is reconstructed
from the sum of the four-momenta of the charged lepton and the neutrino**. The multi-jet background is

**The momenta of the neutrino in the z- and y-directions are obtained from the corresponding components of the E* vec-
tor. The momentum of the neutrino in the z-direction is calculated by imposing a W boson mass constraint on the lep-
ton—neutrino system, which results in a quadratic equation. The neutrino’s momentum in the z-direction is then taken as
either the real component of the complex solutions, or the real solution with the smaller absolute magnitude.
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reduced by applying a strict selection requirement on EX™, while the dominant backgrounds from W +jets
and top-quark pair production are reduced by applying a myy1,-dependent requirement on the transverse
momentum of the W boson candidate, pr . This selection requirement exploits the fact that the my,
and pr - observables are more strongly correlated for the signal process than for backgrounds. The contri-
bution from top-quark pair events can be further reduced by only selecting events with either two or three
jets®. After applying these selection requirements, the most dominant background contributions stem
from events containing top quarks with almost 80% of all selected events, and W +jets production with
about 20%. Other processes give only minor contributions. For example, contributions from multi-jet
events are at the level of a few per mille of the total background in the resolved event categories and com-
pletely negligible in the merged event categories.

The 2-lepton channel is dedicated to the search for 2/ — Zh — 00bb decays. Therefore, events con-
taining same-flavour lepton pairs, i.c. ete™ and p*p~, are selected. Contributions from the dominant
background processes, i.e. the production of Z+jets and top-quark pair events, are reduced by applying
m zp-dependent selection requirements on the mass of the dilepton system myy, the transverse momentum
of the di-lepton system pr ¢¢ and the £/ v/ Hr, where Hr is calculated as the scalar sum of the pr of the
leptons and small-R jets in the event. The selection requirements on these observables become looser for
larger resonance masses to account for the smaller backgrounds in this kinematic range and the fact that the
momentum and energy resolution degrade with increasing boost of the final-state particles. After applying
these selection requirements, the most dominant background contributions stem from Z+jets production,

yielding up to 90%.

In each of the three lepton channels, minor background contributions arise from the di-boson, SM V'h,
tt + hand tt + V production.

Events that pass the selection requirements of either of the three lepton channels are placed in the resolved
category if the Higgs boson candidate is reconstructed from two small-R jets*, or the merged category if
the Higgs boson candidate is reconstructed from a large- R jet. If an event satisfies the criteria for both the
resolved and merged categories, it is assigned to the resolved category because of its better mass resolution.
The events are then further classified into signal and control regions based on the mass of the Higgs bo-
son candidate. Events with a mass within a window around the Higgs boson pole enter the signal regions,
while events with a mass outside of this window enter the control regions*. Additional control regions for
processes containing top quarks are used in the 2-lepton channel. These regions are obtained by selecting
events with a pair of different-flavour leptons e* 117, and without the requirement on E%ﬁ“ / vV Hr. The
events are further split based on the number of b-tagged objects in the event.

Heavy vector bosons, such as Z" and W', are mainly produced via qqA, while pseudoscalars are mainly
produced via ggF or associated production with bottom or top-quarks. Representative lowest-order Feyn-
man diagrams for the production of a Z’, W, or A boson and their subsequent decays in the targeted final
states are depicted in Figure 37.

*9Given that ¢ decays into a single-lepton final state tend to have at least four reconstructed jets.

3°If two b-tagged jets are present in the event, the Higgs boson candidate is reconstructed from the two b-tagged small-R? jets. If
an event contains more than two b-tagged jets, the Higgs boson candidate is reconstructed from the two leading b-tagged jets.
If only one b-tagged jet is present, the Higgs boson candidate is reconstructed from the b-tagged jet and the leading small-R jet
in the remaining set.

' The mass window requirements vary slightly between the three lepton channels and the resolved and merged event categories
given that some channels and categories have fewer background contributions than others.
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Figure 35: Eventdisplay ofa X — Zh — vvbb candidate in the merged 2 b-tags signal region. The missing transverse
energy has a value of 1.21 TeV and is indicated by the dashed white line. The Higgs-boson candidate is comprised
of a large- R jet which contains two b-tagged VR track-jet. The large-R jet is indicated by the turquoise cone and has
a transverse momentum of pt = 1.15TeV. The yellow blocks correspond to energy depositions in the hadronic
calorimeter. The transverse mass of the Zh candidate is m1 7, = 2.4 TeV. The event was recorded in 2018 (Run

349309, Event 769175011).
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Figure 36: Event display of a X — Zh — 11bb candidate in the resolved 2 b-tag signal region. The leading and sec-
ond leading muons comprising the Z boson candidate have transverse momenta of 86 GeV and 22 GeV respectively,
while the two b-tagged jets comprising the Higgs-boson candidate have transverse momenta of 86 GeV and 31 GeV.
The muons are indicated by red solid lines and the two jets are indicated by the turquoise cones. The yellow blocks
correspond to energy depositions in the hadronic calorimeter and the blue boxes to muon chambers with hits from
the muon. The invariant mass of the four objects is m z;, = 300 GeV. The event was recorded in 2018 (Run 360402,
Event 1066445436).
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Figure 37: Representative lowest order Feynman diagrams of the resonant production of a W or Z boson and a
Higgs boson via (a) quark-antiquark annihilation, (b) gluon-gluon fusion, and (c) b-associated production. The
subsequent decays into the vvbb, £vbb and ££bb final states are depicted as well.

In case the new heavy particle is produced in association with jets (or other objects), the reconstruction of
the final state becomes more challenging due to the additional activity in the event. At the same time, the
multiplicity and kinematics of the additional objects in the final state can be exploited to further suppress
the backgrounds. As a consequence, the analysis strategies, the background estimation techniques and the
configuration of the fit models have been optimised individually for the search for new heavy vector bosons
and the search for pseudoscalars to maximise the sensitivity to both types of signals. Further details on the
search for heavy vector bosons are given in Section 4.2.1, while the searches for pseudoscalars are discussed
in Section 4.2.2.

4.2.x  Search for heavy vector bosons

In the searches for Z’ and W’ bosons, events that pass the aforementioned selection requirements are fur-
ther split into two exclusive categories based on the number of b-tagged jets in the event®. One category is
dedicated to events with exactly one b-tagged jet, while the other is dedicated to events with exactly two 0-
tagged jets. Events with more than two b-tagged jets are not considered for these searches. Splitting events

3*In resolved event categories, b-tagging is applied to small-R calorimeter jets and in merged event categories, b-tagging is applied
to VR track-jets.
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by b-tagging multiplicity significantly improves the sensitivity to the signal process. The categories with
two b-tagged jets are the most sensitive, as they have a much larger expected signal purity. However, the
categories with one b-tagged jet are still useful, as they help to constrain the background contributions by
providing a larger overall statistics in data.

Contributions from multi-jet production are estimated using data-driven techniques. In the o-lepton
channel, the number of multi-jet events has been estimated with an ABCD-method [240]. This method
defines three non-overlapping and signal-depleted control regions (B, C, D) to complement the signal re-
gion (A). The additional regions are defined by inverting one or both of the selection requirements on two
of the observables used in the event selection. A transfer factor 7" is then calculated from the ratio of events
in regions C and D, and is used to extrapolate the observed number of multi-jet events in the control region
B into the phase-space of the signal region: Ny ~ T'- N := N¢/Np - Np, where the N; are the event
counts in the four regions. The number of multi-jet events in the control regions is obtained by subtracting
the simulation-based estimates of all processes except multi-jet production from the corresponding yields
in data. Using this ABCD method, the contribution from multi-jet production to all signal regions of the
o-lepton channel is found to be small compared to the uncertainties in the data statistics. As a consequence,
background contributions from multi-jet production are neglected for searches in the o-lepton channel.

In the 1-lepton channel, the template method that was developed for the studies presented in [241] is used:
templates for the my, and mr 4, distributions are extracted from a dedicated control region, which is en-
riched with multi-jet events. The control region is obtained by inverting the lepton isolation requirements.
The shape of the templates are obtained by subtracting the contributions from all other backgrounds from
data. The normalisation of these templates are derived by performing a two-component fit in the sideband
regions of the Higgs boson candidate. In this procedure, the templates for the multi-jet backgrounds and
the sum of the other background contributions are fitted to data. The template normalisation is then ex-
trapolated from the sideband regions to the mass window region using information from the simulations.

The other background distributions are estimated from samples of simulated events, with the normali-
sations of the dominant backgrounds derived from control regions in data. As the production of vector
bosons in association with heavy-flavour jets is not well described by the state-of-the art Monte Carlo gen-
erators [242], dedicated correction procedures are used. The mismodelling of the event rates is compen-
sated by splitting the W/ Z+jets simulated event samples into three components: W/Z + hf (W/Z + bb,
W/Z +be,and W/Z +cc), W/Z +hl(W/Z +bl,and W/Z + cl), and W/Z + 1f; where ‘h’ and ‘1’ refer
to heavy-flavour and light-flavour jets, respectively. The normalisations of these three components are de-
termined individually via a maximum likelihood fit. Furthermore, the mismodelling of event kinematics
observed for the simulated WW/Z+jets events are corrected to match the data. In this context, the sum of
the W/Z+jets background contributions is reweighted as a function of the transverse momentum of the
di-jet system, pr ;;, based on fits to the data/simulation distribution in the m; sideband regions. These
corrections are derived separately for the three lepton channels.

To simplify the background model, the tt, single-top-quark, tt + V, and tt + h processes are combined
into one single component, which is referred to as the top-quark backgrounds.

The searches for heavy vector bosons are based on combined fits in the o-lepton and 2-lepton channels (for

the Z’), and the o-lepton and 1-lepton channels (for the W”). The fit model for the Z’ search includes the
signal cross section and the global normalisations of the top-quark, Z + hf, and Z + hl backgrounds as
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free parameters. The normalisation of the top-quark background is determined separately for the o-lepton
and 2-lepton event categories, while common normalisation factors for the two lepton channels are used
for the Z + hf and Z + hl backgrounds. The fit model for the W’ search includes the signal cross sec-
tion and the global normalisations of the top-quark, Z + hf, Z + hl, W + hf, and W + hl backgrounds
as free parameters. These fits are performed in the relevant signal and control regions, probing either the
mr vy distribution (in the o-lepton channel) or the my, distribution in the (1- and 2-lepton channels).
A few examples of the fit input distributions are presented in Figure 38. The combined fits are performed
for 19 simulated signal mass hypotheses covering a range from 300 GeV to 5 TeV. In addition, parameter
morphing [148] is applied to the shape and normalisation of the v 1, and my, distributions in order to
interpolate between the simulated signal mass points.

The 95% CL upper limits on the production cross section for Z’ — Zh are shown in Figure 39 (a) as a
function of the resonance mass. The observed limits range from 0.9 pb for mz = 300 GeV to 0.3 fb for
my = 5'TeV. These limits exclude Z’ masses below 2.8 TeV for HVT benchmark Model A, and below
3.2 TeV for Model B. The combined limits are dominated by the o-lepton channel for resonance masses
above 800 GeV, and by the 2-lepton channel for resonance masses below 800 GeV. The largest deviation
from the Standard Model expectations is found for a resonance mass of 500 GeV and corresponds to alocal
significance of about 2.1 standard deviations, or a p-value of o.or7. The global significance of this excess is
1.1 standard deviations.

Figure 39 (b) shows the 95% CL upper limits on the production cross section for W’ — W h as a function
of the resonance mass. The limits range from 1.3 pb for my» = 400 GeV to 0.4 fb for my» = 5TeV.
These limits exclude W/’ masses below 2.95 TeV for HV'T benchmark Model A, and below 3.3 TeV for
Model B. The combined limits are dominated by the 1-lepton channel across the full range of tested mass
hypotheses. The largest deviation from the Standard Model expectations is found for a resonance mass of
400 GeV with alocal significance of about 2.0 standard deviations, or a p-value of 0.02, and around 3.0 TeV
with a local significance of about 1.7 standard deviations, or a p-value of 0.0s.

For resonance masses above 700 GeV, both searches are limited by statistical uncertainties, while the uncer-
tainties in the flavour tagging and in the modelling of the Z +jets, W +jets, and top-quark backgrounds are
dominant for the lowest resonance masses.

The upper limits on the production cross section times branching ratio obtained from the Z’ and W'
searches are converted into 95% CL exclusion contours in the HV'T parameter plane {gr, g }. These ex-
clusion contours are presented in Reference [190] for resonance masses of 2, 3, and 4 TeV.

The cross-section limits of the Z’ and W’ searches have been significantly improved with respect to the last
iteration of the analysis [243], which has been performed by the ATLAS collaboration at /s =13 TeV with
an integrated luminosity of 36.1 fb~!. The improvements range from about 50% for a resonance mass of
300 GeV to about 400% for a mass of 5 TeV. The improvements at low resonance masses are mainly due
to the larger dataset, while the improvements at high resonance masses are mostly due to refined b-tagging
techniques, including the use of variable-radius track-jets instead of track-jets clustered with a fixed radius

parameter of R = 0.2.
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Figure 38: Post-fit distribution of (a) the transverse mass mT 1/, for the 1 b-tag merged o-lepton signal region, (b) the
invariant V' h mass for the 2 b-tag resolved 2-lepton signal region, and (c) the invariant V'h mass for the 2 b-tag merged
1-lepton signal region. The quantity on the vertical axis is the number of data events divided by the bin width in GeV.
The term “Top’ summarises events from ¢, single-top-quark, ¢t 4+ h and t¢ + V contributions. In each plot, the
last bin contains the overflow. The background prediction is shown after a background-only maximum-likelihood
fit to the data. The lower panels show the ratio of the observed to the estimated SM background. The background
uncertainty band shows the post-fit statistical and systematic components added in quadrature. The signal for the
benchmark HVT Model A with mz = 1.4 TéV, normalised to o x B(Zh) x B(h — bb) = 0.1 pb, is shown as
a dashed line [190].
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Figure 39: Upper limits at the 95% CL on the product of the cross section for pp — Z’ and the branching fraction to
Z h from the combination of the o-lepton (oL) and 2-lepton (2L) channels (a) and on the product of the cross section
for pp — W’ and the branching fraction to Wh from the combination of the o-lepton and r-lepton (1L) channels
(b). For the Z" and W search, the branching fraction of h — bb, cé is assumed to be 0.598 [190].

Searches for new heavy vector bosons decaying via 2 — Zh — vvbb, 7' — Zh — (F0Fbb or
W' — Wh — ¢*vbb have also been performed by the CMS collaboration with an integrated luminosity
of 137 fb~! [188, 191]. In addition, results have been published in other final states: ATLAS has performed
a search in the fully-hadronic final state [189], based on an integrated luminosity of 139 fb™!, and CMS
has published results in the fully-hadronic final state [184] and the 7777 ("¢~ final state [244], based on
integrated luminosities of 138 fb~" and 35.9 fb™, respectively.

Expected upper limits on the production cross section times branching ratio for the most recent Z" — Zh
and W' — W h searches by the ATLAS and CMS collaborations are compared in Figure 40. Limits are
shown for the search efforts by ATLAS in the semi-leptonic and fully-hadronic final state, and from the
CMS search efforts in semi-leptonic final states®.

The CMS searches focus exclusively on high-mass spin-1 particles. Their searches for 2 — Zh — vvbb
and Z' — Zh — (0Fbb decays are optimised for a mass range from 800 GeV to 5 TeV, and their search
for W' — Wh — (*ubb decays is optimised for a mass range from 1 TeV to 4.5 TeV. This is refelected in
their analysis strategy, which only consideres merged event topologies. Consequently, ATLAS has stronger
limits for the Z" and W' searches in the intermediate mass regions ranging up to 1 TéV for Z’ bosons and
1.4 TeV for W' bosons. For higher resonance masses, CMS has significantly stronger expected limits than
ATLAS for both searches. For example, CMS has approximately twice as stringent expected upper limits
ono(pp — Z' — Zh) as ATLAS for a resonance mass of 4 TeV, and approximately 1.6 times as stringent
expected upper limits on o(pp — W’ — W=h) at the same resonance mass.

The CMS searchfor Z/ — Zh decays benefits in particular from aggressive event selection requirements on
the ratio of E* to the pr of the Higgs boson candidate within the o-lepton channel. After applying these

3The searches for heavy resonances in fully-hadronic final state by CMS consider decaysto WW, W Z, ZZ, W h, or Zh boson
pairs. The results from these search efforts are expressed as upper limits on the cross section for pp — V' — VV + Vh
production, with V' = W, Z, instead of pp — V' — VV and pp — V' — Vh individually. Thus, these results can not be
directly compared to the results by ATLAS nor to the CMS results in the semi-leptonic final states.
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requirements, the total background yields in the < 1 b-tag category, which dominates the combined results
for high mass resonance searches, are an order of magnitude smaller than the total background yields in the
b-tag region of the ATLAS analysis. Despite this, the expected signal yields from CMS are only 25% smaller
than those from ATLAS. Overall, the CMS search benefits from a significantly better expected signal-to-
background ratio in its search regions. The selection requirements on £ /pH are particularly effective
at discriminating against contributions from the ¢¢ background. After applying these requirements, top
quark pair production is no longer a dominant background to the Z/ — Zh search, which significantly
simplifies the background model in the maximum likelihood fit.

The CMS search for W/ — W*h decays benefits in particular from a newly developed double-b tagging al-
gorithm [245]. This algorithm uses a multivariate discriminant that combines information from displaced
tracks and (multiple) secondary vertices within large-R jets to distinguish between h — bb and Z — bb
decays, as well as backgrounds that involve light-flavor jets. This approach performs significantly better
than the tagging of single VR track-jets, which was the default method in ATLAS until recently.

Comparing the expected upper limits on o (pp — Z’ — Zh) between the ATLAS searches in the semi-
leptonic and fully-hadronic final states, the semi-leptonic results are superior over the entire range of probed

7' masses. However, the expected upper limits on o(pp — W’ — W=*h) are relatively similar for masses
above 2 TeV.
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Figure 40: Expected upper limits at 95% CL on (a) o(pp — Z' — Zh) and (b) o(pp — W' — W*h)asa
function of the Z’ and W’ pole masses, respectively. The upper limits from recent searches for V'h resonances are
compared, including results from the CMS collaboration in the semi-leptonic final states [188, 191] and from the
ATLAS collaboration in both semi-leptonic [190] and fully-hadronic [189] final states.

Personal contributions

The work on this analysis was carried out with strong contributions from two Ph.D students of the TU
Munich and MPI, whom I supervised, as well as myself. In addition, researchers from Michigan State Uni-
versity, the University of Massachusetts, Queen Mary University of London, and Shandong University also
gave significant contributions to these efforts. In total, 13 researchers were involved in this project. In my role
as the coordinator of this analysis, I was responsible for organising the analysis efforts, assigning tasks, chair-
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ing meetings, setting timelines and discussing the needs of our analysis with the coordinators of the physics
group for Di-Higgs and Di-Boson searches. Under my supervision, the two Ph.D students developed the
software framework that we used for this analysis, optimised the analysis strategy in the o-lepton channel,
performed data-to-simulation comparisons, implemented and vallidated a method to interpolate between
simulated signal mass hypothese (i.e. parameter morphing), evaluated the theory uncertainties in the signal
and background processes for all three lepton channels, and performed combined fits in the o-lepton and 2-
lepton channels to extract the upper limits on the production cross section times branching fraction. These
studies are all detailed in their Ph.D theses [240, 246]. In addition, I derived data-to-simulation correction
functions for the o-lepton and 1-lepton channels to account for the mismodelling of the vector boson pr
in W +jets and Z+jets events. Furthermore, I significantly contributed to the writing of the internal docu-
mentation, and I was the leading editor of the manuscript submitted for journal publication. Beyond these
active contributions, I provided guidance and support to students from other institutes involved in this
analysis [247, 248], ensuring that their contributions were integrated into the workflow of our analysis.

Challenges

To finalise the analysis, we had to overcome a number of challenges. One common problem for all three
lepton channels was the severe mismodelling of the vector boson pr distribution in events where W or Z
bosons are produced in association with heavy-flavour jets. This mismodelling is actually a well known is-
sue of the SHERPA 2.2.1 MC generator [242] which tends to significantly overestimate QCD activity and
predicts larger W/Z boson pr values than seen in the ATLAS data**. To counter this mismodelling, we
decided to reweight the simulated W +jets and Z+jets samples as a function of the transverse momentum
of the dijet system, pr j;, in the resolved event categories, and as a function of the large-R jet pr in the
merged event categories. These two quantities were chosen because they are strongly correlated with the
vector boson pr*, which cannot be directly determined in the o-lepton channel due to the two neutrinos
in the final state. The correction functions were derived from fits to the data-to-simulation ratio of the
pr,j; and the large-R jet pr distributions in the m;; sideband control regions after accounting for differ-
ences in the overall normalisation between data and the simulations. Separate correction functions were
derived for the three lepton channels to account for their different kinematic regions. After the correction
functions were applied, residual mismodellings, i.e. moderate non-closures in comparisons between data
and simulation, were observed in the p™* distribution in the o-lepton channel, and the p} distribution in
the 1-lepton channel. The magnitude of these mismodellings depends on the myj, and ranges from 1% to
10%. These residual mismodellings were not corrected, but the data-to-simulation ratios were used to de-
fine systematic uncertainties in the shapes of the m 14, and my, distributions. These uncertainties were
applied to all backgrounds as uncorrelated nuisance parameters.

A crucial question in resonance searches is how many mass hypotheses to probe and what step size to use.
Choosing a mass spacing that is too small wastes resources (such as CPU and storage space), while choosing
a mass spacing that is too coarse may leave the search insensitive to a narrow signal. Ideally, the choice of
mass spacing should be guided by the mass resolution of an analysis. We found that the my, resolution
ranges from 2%-5% (5%-9%) for the resolved (merged) 2-lepton event categories, and from 7%-12%
(9%-12%) for the resolved (merged) 1-lepton event categories. Furthermore, we found that the mr ), res-
olution ranges from 8% to about 28% (from 12% to 17%) for the resolved (merged) event categories. The
resolution of the my, and mr v, observables worsens within the resolved (merged) event categories with

**Newer versions of the SHERPA generator (> 2.2.10) and the MADGRAPHs_aMC@NLO +PyTHIA 8 generator [249] perform
significantly better. However they were not yet available when we performed the search for V' h resonances.
3In W/ Z+jets events, the pr ;; and large- R jet pr observables are calculated from jets that recoil against the vector boson.
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increasing (decreasing) resonance mass. Due to the good mass resolutions in the 1- and 2-lepton channels,
we would have required an immense amount of simulated signal samples to achieve an adequate coverage of
the mass range. However, generating such a fine grid of signal mass hypotheses is computationally infeasible
for a single analysis, given the large number of different searches for new particles performed by the ATLAS
collaboration. To address this problem, I suggested testing the same parameter morphing technique [148]
that was also used to study of Higgs boson properties (Sections 3.2.2 and 3.2.3). The morphing technique is
used to interpolate between two adjacent simulated mass hypotheses to create a number of signal templates
at intermediate mass points. Injection tests demonstrated the importance of using such an interpolation
technique to generate additional signal templates. We injected a signal with a mass of 440 GeV into the
Asimov data and used this dataset as input to our likelihood procedure. When we fitted mass hypotheses
of 420 GeV and 460 GeV to the adjusted Asimov data, the corresponding po-values were reduced by 3-4
orders of magnitude compared to when we fitted the 440 GeV signal hypothesis to the adjusted dataset.
The validation studies of the morphing technique and injection tests are detailed in the Ph.D thesis of one
of my students [240].

One of the biggest challenges in this analysis was developing and validating the fit models used to perform
the search for Z' and W’ bosons. For example, the search for the Z’ boson was based on a combined
maximum-likelihood fit in the signal and control regions of the resolved and merged o-lepton and 2-lepton
channels. In total, the proxy for the resonance mass (i.e. the my, or mr v, distribution) was probed in 13
distinct categories. The modelling of the backgrounds had to be understood in each of these regions, which
was a non-trivial task. This is for example because the kinematics of the final state particles vary strongly
from one region to another, and thus the normalisation of a certain background may be different between
these regions. Hence, dedicated nuisance parameters were introduced into the fit model to account for
extrapolation effects between the signal and control regions, the resolved and merged categories, and the
different lepton channels. In total, the likelihood function contained around 160 nuisance parameters de-
scribing the systematic uncertainties, about 30 nuisance parameters accounting for extrapolation effects
between regions, about 250 parameters describing the per-bin uncertainties of the Monte Carlo statistics,
12 nuisance parameters governing the normalisations of minor backgrounds, 4 freely-floating normalisa-
tion factors to determine the global normalisation of the dominant backgrounds, and one normalisation
factor for the hypothesised signal process. With this configuration, the search for Zh (and W h) resonances
has one of the most complex fit models among all resonance searches performed by the ATLAS collabo-
ration. Studying the behavior of each of the nuisance parameters in the fit was a time-consuming task, as
each pulled or constrained nuisance parameter had to be understood.

Nuisance parameters related to modelling uncertainties usually require particular attention. This is because
they are estimated by comparing the shapes of the fit input distributions between difterent Monte Carlo
models. However, Monte Carlo samples typically have limited statistics. Therefore, modelling uncertain-
ties are vulnerable to large statistical fluctuations in the tails of the distribution or in extreme regions of the
phase space. Large variations in single bins of the uncertainty band can lead to instabilities in the fit or sig-
nificant overconstraints of the corresponding nuisance parameters. To mitigate these issues, we developed
a new method based on Gaussian kernel smoothing [250, 251] to remove statistical fluctuations from the
individual uncertainties [246].

Outlook

The results of our searches for Zh and Wh resonances are expected to improve significantly when imple-
menting one of the recently developed X — bb tagging algorithms [56, 252] into the analysis workflow.
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Furthermore, migrating to the newest SHERPA versions for the predictions of the Z+jets, W +jets and
di-boson backgrounds will significantly improve the modelling of the data and reduced modelling uncer-
tainties. However, the best way forward is to reduce our reliance on Monte Carlo predictions. Le. future
versions of the Zh and W h resonance searches should attempt to estimate the contributions of the Z+jets
and W +jets backgrounds using data-driven methods, similar to those used by CMS [188, 191].

In the future, it will be important to extend the current ATLAS search efforts to cover alternative produc-
tion modes for Zh and W h resonances. Vector-boson fusion is the most obvious next promising produc-
tion mode to consider**. The CMS collaboration has already performed searches in this channel. However,
their results only cover a mass range above 1 TeV and they are not yet sensitive to any of the commonly
considered benchmark models. A study of the prospects for Zh resonance searches in the 2-lepton chan-
nel using ATLAS data was conducted by one of my Ph.D. students [246], and the expected limits on the
production cross section times branching ratio range from around o.2 pb for mz = 300 GeV to 4 fb for
mwz = 3TeV. For resonance masses below mz = 400 GeV, the limits are close to the cross section
predictions of the HV'T benchmark model C.

Interpreting the results with additional signal models, such as models with extra dimensions that predict
decays of the Kaluza-Klein excitations of the W and Z bosons via W g — Whand Zgx — Zh, would
be another attractive addition to these search efforts [172]. Another possibility are axion-like particles de-
caying to Zh [253].

Further thoughts on how to improve or extend future searches for V'h and other di-boson resonances are
discussed in more detail in Section 4.6.

4.2.2  Search for pseudoscalars

The most recent search for pseudoscalars decaying via A — Zh by the ATLAS collaboration focuses on
the ggF and b-associated production modes. Representative lowest order Feynman diagrams for these pro-
cesses are depicted in Figure 37. The relative importance of these two production modes depends on the
type of model and the choice of model parameters. For example, the ggF production mode is dominant
over the full parameter space of Type-I and Lepton-specific 2HDMs, while the b-associated production
mode becomes dominant in Type-II and Flipped 2HDMs for tan 3 values above 7.5. Other production
modes are significantly smaller and are therefore not considered for these searches?.

The searches for pseudoscalars use the same signal regions as the searches for heavy vector bosons plus re-
gions that require additional b-tagged jets to enhance the sensitivity to the b-associated production mode.
For events with resolved h — bb decays, an additional category with atleast three b-tagged small- R calorime-
ter jets is exploited. For events with merged i — bb decays, additional categories are used, with b-tagged
VR track-jets that are outside of the large-I jet.

3 ATLAS has already performed searches for heavy di-boson resonances produced via VBF and decaying via X — WTw-,
X = ZZ,or X+ = W*Z [181, 185).

37The production of pseudoscalars in association with top quarks can have sizeable cross sections (up to a few hundred femtobarn
for low A boson masses) in the Type-I and Lepton-specific 2HDMs for tan 8 << 1 [254]. However, the contribution to the
total production cross section is always below 1% for all common 2HDM types. Nevertheless, it may be beneficial to probe for
Zh resonances in ttA production in the future. The multiplicity and kinematics of the additional final state particles can be
exploited to obtain larger signal-to-background ratios than for other production modes. A first search for the t£A production
mode was recently performed in t¢A(— tt) events [255].
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The event categories with at least three b-tagged jets are sensitive to the production of top-quark pairs in as-
sociation with additional bottom or charm quarks. However, the state-of-the-art Monte Carlo generators
do not model this type of background well. Therefore, fits that include the bbA production mode of the
pseudoscalar use a different background model than the one used for the searches for heavy vector bosons.
Specifically, the top-quark backgrounds are split into two components. This categorisation is based on
the flavour of the additional jets in the event, following the same strategy as described in Reference [256].
Events containing at least one b or c-quark jet not originating from a top quark, W, Z or Higgs boson
decay are classified as top + hf (with hf denoting ‘heavy flavour’), while all other events are classified as top
+ If (with If denoting ‘light flavour’). The top + If component also includes contributions from the single-
top-quark, ¢t + V, and ¢t + h processes. Another difference from the background model of the Z’ search
is that the Z + hf background normalisation in regions with at least three b-tagged jets is determined inde-
pendently from regions with lower b-tagging multiplicity. This is to account for the decreased perturbative
accuracy of the background predictions for events with additional heavy-flavour jets in the final state. The
background composition in regions with at least three b-tagged jets is indicated in Figure 41. This figure
shows the distribution of the transverse V'h mass of the o-lepton channel and the invariant V' mass of the
2-lepton channel.
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Figure 41: Post-fit distributions of (a) the transverse V' h mass of the merged o-lepton signal region and (b) the invariant
V h mass of the resolved 2-lepton channel presented for events with at least three b-tagged jets. The quantity on the
vertical axis is the number of data events divided by the bin width in GeV. In each plot, the last bin contains the
overflow. The background prediction is shown after a background-only maximum-likelihood fit to the data. The
signal for the benchmark 2HDM model with m 4 = 0.7 TeV, normalised to o x B(Zh) x B(h — bb) = 0.1 pb,
is shown as a dashed line. The lower panels show the ratio of the observed to the estimated SM background. The
background uncertainty band shows the post-fit statistical and systematic components added in quadrature [190].

The searches for pseudoscalars are based on combined fits in the o-lepton and 2-lepton channels. A variety
of fit configurations are used to interpret the available data in different contexts.
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One dimensional fits are performed to independently set upper limits on the ggF and bbA production cross
sections times the A — Zh branching fraction in a mass range from 220 GeV to 2 TeV. The search for the
ggF production mode follows the same strategy as the search for the Z’ boson. On the other hand, the fit
model for the search for the bb A production mode includes the signal cross section as a free parameter and
the global normalisations of the top +1If, top + hf, Z + hf, and Z + hl backgrounds. In events with three or
more b-tagged jets, a different normalisation factor is used for the Z+jets background than in events with
fewer b-tagged jets. This is because the deviations between the data and the simulations increase as a func-
tion of the b-tagging multiplicity.

Figure 42 shows the 95% CL upper limits on the product of the cross section for the gg — A and
gg — bbA production modes and their respective branching ratio to Zh. The upper limits on the ggF
production mode of the pseudo-scalar closely resemble the upper limits on the Z’ production. This search
also sees mild deviations at a resonance mass of 500 GeV, with the same significance as the Z’ search. The
bbA search also displays a similar excess for this mass value, but with a smaller significance of 1.60 corre-
sponding to a local p-value of 0.059. The lower local significance in the bbA search is due to the lack of
excess in data in the additional signal regions used for this search.
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Figure 42: Observed and expected upper limits at 95% CL on the product of the cross section for (2) gg — Aand (b)
g9 — bbA and their respective branching fraction to Zh from the combination of the o-lepton (oL) and 2-lepton
(2L) channels. For both searches, a branching fraction of 0.569 for h — bb is assumed [190].

Furthermore, simultaneous fits of the ggF and bbA signal hypotheses are performed for a variety of different
oppa and 0gg4 combinations. For each combination, a negative log-likelihood (NLL) value is calculated,
and the best estimate is obtained at the point where the NLL curve reaches its minimum. Contours at 68%
and 95% CL are determined relative to the minimum. The background model is the same as that used for
the bb A search. The expected and observed results for these fits (i.e. the two-dimensional likelihood scans
for various pseudoscalar masses 1m 4 ) are presented in Figure 43. For each mass hypothesis, the best-fit value
is compatible with the absence of a signal. The largest difference between the observed and expected best-fit
values is found for a resonance mass of m 4 = 500 GeV. However, this excess does not exceed beyond the
expected 95% CL contour.
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Figure 43: Expected and observed two-dimensional likelihood scans of the b-associated production cross section times
branching fraction, o5 4 X B(A — Zh), vs. the gluon-gluon fusion cross section times branching fraction, ogg4 X
B(A — Zh), for a given A boson mass (m 4). For each mass, a variety of different cross-section hypotheses are
scanned. At each point, 2A(N LL) is calculated, defined as the negative-log-likelihood (NLL) of the conditional fit
to the Asimov and observed datasets with bbA and ggA fixed to their values at that point and with the minimum
NLL value at any point subtracted. The best-fit point and the preferred 68% and 95% CL boundaries are found at
2A(NLL) values of 0.0, 2.30 and 5.99, respectively [190].
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In addition, combined fits of the ggF and bbA production modes are performed. In these fits, one free
parameter is used to determine the total cross section of the two components. These fits are performed
for different admixtures of the ggF and bbA contributions, as well as different A boson widths ' 4. The
background model is the same as for the one dimensional fits targeting the bbA production mode. The re-
sults of these fits are used to constrain the parameter space of the 2HDM. Representative results from these
studies are presented in Figure 44. These figures show the constraints on the parameter space of the 2HDM
Type-Iand Type-II scenarios as a function of the parameters tan 3 and cos( — «) for a pseudoscalar mass
of 700 GeV and as a function of the parameters tan 3 and m 4 for cos(f — a)) = 0.1.

The shapes of the expected and observed exclusion contours are determined by the interplay of two factors:
the cross-section limits, which decrease as a function of the pseudoscalar mass m 4, and the signal produc-
tion cross section times the A — Zh branching fraction at given m 4, tan /3, and cos( — «) values. The
branching fraction decreases significantly at m 4 = 350 GeéV because the A — tt decay becomes kinemat-
ically possible, but increases again at higher 1m 4 values. The parameter tan 3 controls the admixture of the
ggF and b-quark associated production, leading to a varying sensitivity as a function of tan /3.

The search for A — Zh resonances generally has low sensitivity around cos(5 — a) & 0, as the branching
fraction for A — Zh decays vanishes in the alignment limit cos(5 — o) — 0. However, for model scenar-
ios with a pseudoscalar mass of 700 GéV, cos(f — ) values down to around 0.07 can be excluded at the
95% CL for 2HDM Type-I and Type-II scenarios. Furthermore, tan 3 values greater than 10 are excluded
for Type-1 2HDMs. The sensitivity to high tan 3 values is enhanced for Type-II 2HDM scenarios, due to
the larger cross section for the b-quark associated production process. The narrow inclined regions with
no sensitivity for tan 3 values below 10 are caused by a vanishing h — bb branching fraction.

For a value of cos(f — a) = 0.1, the A — Zh search is sensitive to pseudoscalars from Type-I 2HDMs
with masses between 220 GeV and 1200 GeV for low tan 3 values. For Type-II 2HDM:s, the search is sen-
sitive to pseudoscalars with masses between 220 GeV and 1000 GeV for low tan /3 values, and between
450 GeV and 1500 GeV for large tan 3 values.

The CMS collaboration has also performed searches for heavy pseudoscalars decaying via 2 — Zh —
vvbb, (£0Fbb and Z' — Zh — (0F7E7F. These searches have been conducted using an integrated
luminosity of 35.9 fb~" collected at /s = 13 TeV [257, 258]. However, since these searches are based on a
partial Run 2 dataset, their limits are significantly weaker than the most recent limits obtained by ATLAS.
Searches for heavy pseudoscalars are also performed in other decay channels. In addition to the A — Zh
search, the ATLAS collaboration has also performed searches for heavy pseudoscalars decaying to 757+
and tt [2s5, 259, 260]. A comprehensive comparison of the results from these different searches is given in
Section 4.5.2 for a selection of different benchmark models.

Challenges

The searches for heavy pseudoscalars were conducted by the same analysis team that performed the searches
for heavy vector bosons. Both analyses are generally very similar, which means that they faced almost the
same challenges. The main difference between both searches was the background model. For the A boson
search, the top quark backgrounds were split into two components: top + hf and top + If, following the
developments from other ATLAS analyses [256] performed in final states with large b-jet multiplicities.
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Figure 44: The interpretation of the cross-section limits in the context of the 2HDM Type-I (left column) and Type-
II (right column) as a function of the parameters tan 8 and cos(f — «) for myg = 700 GéV (top row) and as a
function of the parameters tan § and m 4 for cos(f — ) = 0.1 (bottom row). Variations of the natural width
up to 'y /my = 20% have been taken into account. For the interpretation in the Type-II 2HDM, the b-quark
associated production is included in addition to the ggF production mode [190].
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In the previous iteration of the A — Zh search [243], the ¢ background was modeled as a single compo-
nent, with independent normalisation scale factors applied to regions with > 3 b-tagged jets and regions
with < 2 b-tagged jets. However, we found that this background model was not capabale of describing the
data sufficiently well when using the significantly larger dataset. Therefore, I suggested moving to a more
sophisticated background model, which was implemented and vallidated by one of my students. Detailed
studies on this topic are documented in his Ph.D thesis [240]. Splitting the top quark backgrounds into
two components instead of using only one component significantly improved the fit model by increasing
the quality of the likelihood fit. This is evident from the improved overall agreement between the data and
the simulation, as well as the reduced tensions in several nuisance parameters.

Outlook

In the future, the A — Zh search could be improved by exploiting spin- and CP-sensitive observables,
such as the cos 0" and other angles in the rest frame of the A boson decay [261], to further separate the
signal process from relevant backgrounds. These observables should particularly increase the sensitivity to
low-mass pseudoscalars.

It would also be valuable to extend the list of benchmark models used to interpret the A — Zh search
in the near future. The signatures probed by this analysis are relevant for CP-violating 2HDM:s [212, 213],
models predicting dark matter mediators such as the 2HDM + Z’ model [262] or different scenarios of the
N2HDM [263], Higgs Triplet models such as the Georgi-Machacek model [218] and sHDMs [264].

4.3 Search for charged Higgs bosons decaying to 111

Various theories predicting an extended scalar sector predict also the existence of at least one set of charged
Higgs bosons in addition to the discovered neutral one: for example models that add a second doublet [127]
or one or more triplets [233, 234, 235, 236, 265] to the scalar sector. The main production and decay modes
of these new particles depend strongly on the studied model. In the alignment limit of the 2HDM, the
dominant production mode for charged Higgs bosons heavier than the sum of the top and bottom quark
masses is expected to be in association with a top quark and a bottom quark (t6H ), while the dominant
charged Higgs boson decay modes are H* — tbor H* — 7v depending on the choice of model pa-
rameters. Other production and decay modes are less relevant in these scenarios. However, less commonly
probed extended scalar sector models, such as N2HDMs, 3HDMs, or Higgs triplet models, predict that
other decay and production modes can be significant. One example is the charged Higgs boson decay into
a SM-like Higgs boson, h, (with m;, = 125 GeV)and a W boson: H + 5 W*h. This decay mode has not
yet been searched for by neither ATLAS nor CMS, although various models predict significant branching
ratios for this decay channel [128, 264, 266, 267].

The ATLAS collaboration is currently finalising a first search for a charged Higgs boson produced in
association with a top quark and a bottom quark, followed by decays via H + 5 W*h — (vbb or
H* — W*h — qqbb. This search is based on 140 fb~! of pp collision data and probes events consis-
tent with the final state fvbbbbqq, where £ = e or . The charged lepton can originate either from the
decay chain of the charged Higgs boson or from the decay chain of the associated top quark. Representa-
tive lowest-order Feynman diagrams for this process, including the two possible decay chains, are depicted
in Figure 45. The event kinematics of the (vbb and qgbb decay channels can differ significantly depend-
ing on the considered H * mass hypothesis. Therefore, dedicated signal regions are defined for each decay
mode based on selection requirements on kinematical observables.
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Figure 45: Representative lowest order Feynman diagrams of pp — tH *b production and subsequent decays via

HT — W*h — £tvbb(a)and HT — WTh — qqbb (b).

To ensure high sensitivity to both low- and high-mass charged Higgs bosons, two difterent analysis tech-
niques are used, similar to other di-boson resonance searches. At low charged Higgs boson masses, when
the final state particles have a relatively low Lorentz-boost, the decay products of the Higgs boson and
the hadronically decaying W boson are reconstructed as individual jets (such decays are referred to as “re-
solved”). At high charged Higgs boson masses, when the final state particles have a relatively large Lorentz-
boost, the Higgs boson and the hadronically decaying W boson are reconstructed as single large-R jets
(such decays are referred to as “merged”). Consequently, this search for charged Higgs bosons targets events
that contain exactly one prompt electron or muon, a significant amount of missing transverse momentum,
and either atleast five small- 2 jets of which atleast three must be b-tagged for resolved event topologies or at
least one large- R jet for merged event topologies. Furthermore, in the merged event topologies, the recently
developed X — bb tagging algorithm [56] is used to identify boosted Higgs boson decays to a collimated
bottom-quark pair.

For low charged Higgs boson masses, the (vbb and qgbb decay channels produce identical detector signa-
tures. To distinguish between them, events are classified based on the reconstructed leptonic top-quark
mass, mii%. This observable is calculated from the four-vector sum of a selected b-tagged jet, the charged
lepton, and the neutrino®®. Given that several jets in the event are b-tagged, the b-tagged jet that minimises
|me; — 172.5GeV| /my,; is chosen. Here, my,,; corresponds to the invariant mass of the combined b-
tagged jet, charged lepton, and neutrino four-vector. The mii% observable peaks around the top-quark
pole mass for events containing a leptonically decaying top quark (as in the ggbb decay channel), while it
exhibits broader distributions at higher values for events from the (EFvbb decay channel. Hence, events
distributed around the top-quark pole mass enter the resolved qgbb analysis categories, while events with
larger mlt?; values enter the resolved £ /bb analysis categories.

38 As for the studies presented in Section 4.2, the momenta of the neutrino in the 2- and y-directions are obtained from the
corresponding components of the E™** vector, while the neutrino momentum in z-direction is calculated by imposing a W
boson mass constraint on the lepton—neutrino system.
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For sufhiciently high charged Higgs boson masses, the ambiguities between the (vbb and qgbb decay chan-
nels are largely reduced due to their distinct detector signatures. Hence, the events in the merged analysis
are classified based on the number and properties of selected large-RR jets. Events enter the merged qgbb
analysis categories if they have exactly one X — bb-tagged large-RR jet and another large-RR jet with a mass
m within the W boson mass window, 50 GeV < m; < 110 GeV. Events with exactly one X — bb-
tagged large- R jet but without a second large- R jet with mass around the IV boson pole mass enter the
merged (vbb analysis categories. Consequently, the charged Higgs boson four-vector is reconstructed us-
ing a charged lepton, a neutrino, and one large- 12 jet (for the (vbb channel) or two large- R jets (for the qqbb
channel).

Machine learning techniques are employed to process the selected events and enhance the separation be-
tween the hypothesised signal process and relevant backgrounds. In the resolved analysis categories, two sets
of boosted decision trees are used to reconstruct the charged Higgs boson decay. These boosted decision
trees are trained to identify the correct pairing of final state particles that correspond to the decay chain of
the charged Higgs boson. Separate boosted decision trees are trained for the events in the q@bb and (*vbb
analysis categories, where the kinematics of the lepton and jets as well as their invariant masses are used as
input features for the training. The boosted decision trees are then iteratively applied to all possible pair-
ings of final state objects*®. The pairing with the largest output score of the boosted decision tree, WY, is
used to construct the four-momentum vector (and hence the invariant mass) of the charged Higgs boson
candidate. Both sets of boosted decision trees are found to perform well in reconstructing the targeted final
states. At a charged Higgs boson pole mass of 500 GeV, the final state is reconstructed correctly in about
70% (60%) of the time for the HX — W*h — (vbb (H* — W*h — qqbb) decay mode. The success
rates increase with increasing pole mass values, reaching around 90% for both decay modes at masses above
1 TeV. With this approach, the charged Higgs boson masses are determined with a resolution below 10%
for both decay chains.

In the merged analysis categories, two sets of neural networks are used to further separate between the
selected signal and background events within the merged q@bb and (*vbb analysis categories. Kinematic
observables such as the azimuthal angular difference and the pseudorapidity difference between the recon-
structed final state objects are exploited for the training of the networks. The invariant mass of the charged
Higgs boson candidates in the merged analysis categories is reconstructed with a resolution below 9% for

the (vbb decays and below 6% for qqbb decays.

The final signal and control regions are defined by applying additional selection criteria on top of the pre-
selection and event classification requirements. The signal and control regions of the resolved analysis are

obtained based on selection requirements on the wiT observable. Events with low wiT values enter

control regions, while events with high w551 values enter the signal regions. Events enter the signal re-
gions of the merged analysis, if the mass of the X — bb tagged large-R jet is in a window around the
Higgs boson pole, 95 GeV < m;, < 140 GeV. The analysis regions are further split into low-NN-score,
medium-NN-score and high-NN-score signal regions based on the output score of the neural network. In
addition, two sets of sideband control regions are defined in the merged analysis by inverting the selection
requirement on 1my,. Low-mass sidebands (50 GeV' < m, < 95 GeV) are defined to constrain the W +jets
background, while high-mass sidebands (140 GeV < m;, < 250 GeV) are defined to target backgrounds

containing boosted top-quarks.

3¥To be precise, the boosted decision trees trained in the KVbé categories. are applied to all possible lepton, neutrino, and di-jet
pairings, while the boosted decision trees trained in the ggbb categories are applied to all possible four-jet pairings in the event.
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The various signal and control regions of the resolved analysis categories are further split according to the
overall number of jets (j), and the number of b-tagged jets (b) in the event. In this context, four exclusive
categories are defined: 553b, 55 > 4b, > 6730, and > 65 > 4b. The signal and control regions of the
merged analysis categories are also further split based on the number of additional b-tagged jets (), con-
sidering only small-R jets that are spatially separated from either of the two large-R jets. Two exclusive
categories are defined this way: 0b and > 1b.

The background composition in the signal and control regions depends on the event categories and b-jet
multiplicities. In the resolved categories, the by far most dominant background source is the tt+jets pro-
duction. Other backgrounds such as W/Z+jets or Wt production are significantly smaller. In the merged
categories, the most significant background contributions originate from tZ+jets and W +jets production.
Contributions from diboson, SM V'h, tf + h and ¢t + V are small in all channels. Background contribu-
tions from events containing non-prompt leptons are found to be negligible.

All backgrounds are estimated from samples of simulated events, with the normalisation of the dominant
backgrounds obtained from data. In addition, shape corrections are derived for the t{+jets production pro-
cess using a data-driven approach. To describe the ¢ backgrounds sufficiently well at high jet multiplicities,
events containing top-quark pairs are categorised according to the flavour of jets produced in association
with the ¢t system. The same procedure as described in Section 4.2.2 is used for this purpose, yielding
att + HF and ¢t + LF component. Other background processes are grouped into four components:
single-top-quark production includes (s- and ¢t-channels, Wt production, tZq, and tW Z), V'V &V +jets
(includes W/Z+jets, WW, ZZ,and W Z), tt+ X (includes tt +h, tt+W,and tt+ Z), and the remaining
backgrounds referred to as “Others” (includes ¢ H jb, tW h, tttt, and SM V h).

In order to test for the presence of a massive charged Higgs boson in data, the invariant mass distribution
of the reconstructed /vbb and qqbb systems are probed for a localised excess using a binned maximum-
likelihood approach. Two separate fits are performed in this search: one for the resolved analysis and the
other for the merged analysis. Each fit includes the dedicated signal and control regions for the ggbb and
(vbb analysis categories. The fit models differ between the two analyses. The resolved fit has the signal cross
section and the global normalisation factor of the t£ +HF background as free parameters, while the merged
fit has the signal cross section and the global normalisation factors of the t£ + HF, ¢t + LF, and V'V &
V +jets backgrounds as free parameters.

The results from this search will be made public by the ATLAS collaboration within the next few months.

Personal contributions

The work on this analysis has been conducted with strong contributions from a Ph.D student of the TU
Munich and MPI, whom I supervised, as well as myself. In addition, researchers from the University of
Bonn, the Queen Mary University of London, the institute for High Energy Physics in Barcelona (IFAE),
and the McGill University in Montreal gave significant contributions to these efforts. In total, 12 researchers
were involved in this project.

These efforts built upon the initial studies carried out by two B.Sc. and one M.Sc. student from the TU
Munich, whom I supervised. Their work provided a valuable foundation for the development of the final
analysis strategies for both the resolved and merged event categories. Preliminary results from an early
stage of the analysis were presented in a master’s thesis [268]. Beyond initiating this project, I significantly
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contributed as the analysis contact and lead editor of the manuscript soon to be submitted for journal
publication. In my role as the coordinator of this analysis, I was responsible for organising the analysis
efforts, assigning tasks, chairing meetings, setting timelines and discussing the needs of our analysis with
the coordinators of the physics group for Di-Higgs and Di-Boson searches. Under my supervision, the
Ph.D student designed the analysis techniques used to search for the resolved H +* 5 W*h — (vbb
decays, defined the corresponding signal and control regions, performed data-to-simulation comparisons,
evaluated the theory uncertainties in the signal and background processes, developed the fit model for the
search for merged H + 5 Wth decays and derived upper limits on the production cross section times
branching fraction. In addition to these active contributions, I provided guidance and support to students
and postdocs from other institutes involved in this analysis, ensuring their contributions to be integrated
into the workflow of our analysis.

Challenges

To finalise the analysis, we had to overcome a number of challenges. A key hurdle was distinguishing the
correct decay products of the charged Higgs boson from the complex final state of leptons and up to six
jets. At low charged Higgs boson masses, jets from the associated top quark could be easily misidentified
as those from the charged Higgs boson decay. To address this, we developed sets of boosted decision trees
that effectively identified the true decay products of the charged Higgs boson, enabling us to accurately
reconstruct its invariant mass.

Another significant challenge in this analysis was accurately modelling the tf+jets production process, par-
ticularly in the high jet and b-jet multiplicity signal regions of the resolved analysis. Given that the addi-
tional jets in the t{+jets events are simulated in the parton shower, high jet multiplicities and the hardness
of additional jet emissions were found to be mis-modelled. To overcome the mismodelling, we had to deve-
lope a dedicated correction procedure to correct the simulated samples. The correction procedure is based
on reweighting the t+jets events as a function of the H3" observable** obtained from fits to the data-to-
simulation ratio in a validation regions, which includes events with at least five jets of which exactly two
have to be b-tagged. The reweighting procedure is performed separately for different jet multiplicity inter-
vals, distinguishing events with five, six, seven, or at least eight jets. The reweighting factors are described
as a function of the H3" observable:

. (H%H) _ NiData (H%H) . {VZMC,nonftf (H%H)
NZ-MC’tt (H%H)

Y

where N; is the number of events in a H3" interval and the i-th jet bin. The ensemble of 7; (H3") is
fitted per jet bin with a parametric functional form. The choice of the functional form was crucial in
this context. We tested an exponential-plus-sigmoid function, a hyperbola-plus-sigmoid function, and a
2nd-order-polynomial-plus-first-order-exponential function. Based on the results of this comparison, the
exponential-plus-sigmoid function fitted the data best. Therefore, we applied this function to correct the
tt+jets background within the 553b, 55 > 4b, > 653band > 65 > 4b regions of the resolved analysis.
Since the merged analysis channels are more inclusive with respect to jet multiplicity, they are less sensitive
to the modelling of additional jet activity, and thus, no such correction was necessary.

4°The H. %H observable is defined as the scalar sum of the transverse momenta of all jets and the charged lepton in the event.
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Similar to the Z’ and W’ searches (presented in Secion 4.2), developing the fit models for the H* — W*h
search was a major challenge due to its high complexity. With up to 20 analysis regions contributing to the
fit, the final fit model is even more intricate than those used in the Z’ and W’ searches. Consequently, a
substantial amount of time was dedicated to designing and validating this model.

Outlook

Future search efforts for charged Higgs bosons could benefit from exploring additional decay channels.
Intriguing candidates, according to theorists, are the HX — W*H(— bb) and H* — W*H(— )
channels (with mg # 125 GeV) [269]. These decay modes are predicted to be dominant across a signifi-
cant portion of the 2HDM’s parameter space and other extended Higgs sector models, and they are both
not yet studied at the LHC.

Furthermore, charged Higgs bosons can also be indirectly probed through high-precision measurements
of the Higgs boson’s properties. In particular, the h — 77y decay is sensitive to the presence of charged
Higgs bosons due to their contributions at the one-loop level (see Figure 46). The studies presented in
Reference [269] show that for charged Higgs boson masses of my+ < 200 GeV, the b — 7y decay rate
can deviate from the SM prediction by up to £17%. For charged Higgs boson masses of my+ 2 300 GeV,
positive deviations from the SM of up to 5% and negative deviations of up to 15% are possible. Constraints
from Higgs boson property measurements are expected to become competetive with direct search efforts

during the HL-LHC era.
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Figure 46: Contribution of a charged Higgs boson to the h — ~y7y decay at one-loop level [269].

4.4 Summary of di-boson resonance searches

The ATLAS collaborations has published a large variety of di-boson resonance searcbes (see Table 2), in
addition to the searches for Zh and W h resonances. The following section highlights a few recently pub-
lished results, most of which were derived while I was the coordinator of the ATLAS di-boson resonance
search efforts.

Searches for 77, W Z, and W W Resonances

The searches for ZZ, W Z, and WW resonances are performed in fully-leptonic final states ((E0T0E0T,
vulE0F, (2007, and (*10F V), in semi-leptonic final states ((£(F qq, (*1vqq, and vvqq), and in fully-
hadronic final states (¢Gqq). Searches in the fully-leptonic final states provide the highest sensitivity at res-
onance masses of a few hundred GeV, while searches in the semi-leptonic final state are superior to searches
in the other final states for masses at the TeV scale.
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Recently updated results on searches for heavy di-boson resonances in the ZW=* /ZZ — vvqq(o-lepton),
WEWTF — (*vqq (i-lepton), and ZW=*/ZZ — (*(Fqq (2-lepton) final states have been published
via [185]. These searches are optimised to provide high sensitivity to new heavy particles produced via ei-
ther of the ggF, qqA, or VBF production modes. Dedicated analysis techniques are used to ensure a high
sensitivity to both low- and high-mass resonances. In this sense, the hadronic V' — ¢g decays are recon-
structed either as two separate small-? jets (such decays are referred to as “resolved”) or as one single large- R
jet (such decays are referred to as “merged”) depending on the transverse momentum of the vector boson.
For events in the merged event categories, novel jet substructure techniques (see Section 2.3.3) are used to re-
ject backgrounds originating from multi-jet and W/Z+jet production. Furthermore, contributions from
top-quark pair events are reduced by vetoing events with b-tagged jets.

The selected candidate events are classified as either VBF-like or qqA/ggF-like using a recurrent neural
network (RNN). The RNN exploits the kinematics of additional jets in the final state to enhance the sen-
sitivity to the VBF production mode. The RNN uses the four-momenta of up to two small-I? jets that are
not considered in the reconstruction of the hadronically decaying vector boson to distinguish between the
different production modes. Events with no additional small- 12 jets are automatically classified as qqA/ggF-
like. The distribution of the RNN score is presented in Figure 47 for a variety of signal hypotheses.
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Figure 47: RNN score distributions for the production of a 1 TeV resonance presented for different production
modes and spin hypotheses. Events with a RNN score larger (smaller) than 0.8 are classified into a VBF-like
(qqA/ggF-like) signal region [18s].

The searches for heavy resonances are performed using a combination of fits to the various signal regions
of the o-lepton, 1-lepton, and 2-lepton channels. Separate fits are performed for the X — WW+, 27
and X* — W*Z decay chains, which include 21 and 19 different signal regions respectively as well as a
selection of dedicated control regions. The fits are performed to the transverse mass my spectrum (in the
o-lepton channel) and the invariant mass myy spectrum (in the 1-lepton and 2-lepton channels) of the
reconstructed di-boson system.

Upper limits are set on the production of heavy resonances in the mass range from 300 GeV to 5 TeV
through the ggF, qqA, and VBF processes. None of these searches found a statistically significant devi-
ation from the Standard Model expectations. The limits on the production cross section are interpreted
in the context of the heavy vector triplet model and models with warped extra dimensions. The cross sec-
tion limits are then converted into lower mass limits for the considered benchmark scenarios. Based on
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the results, the ggF production mode for RS radions is excluded at the 95% CL for radion masses below
3.2 TeV. KK gravitions are excluded below masses of 2.0 (0.76) TeV for the ggF (VBF) production modes.
Furthermore, the qqA production mode is excluded for Z’ bosons with masses below 3.5 (3.9) TeV in the
HVT Model A (Model B). For W’ bosons, the qqA production mode is excluded for masses below 3.9
(4.3) TeV. Two representative results from these efforts are presented in Figure 48. This figure shows the
observed and expected upper limits on the production cross section times branching fractions for searches
for radions produced via ggF and KK gravitons produced via VBF.
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Figure 48: Observed and expected upper limits at 95% CL on (a) the product of the ggF production cross section
times branching fraction for pp — R — V'V and (b) the product of the VBF production cross section times
branching fraction for pp — Gk — V'V presented as a function of the resonance mass. The theory predictions
(red solid curves) for the Bulk RS radion and KK graviton are overlaid [18s].

Searches for W Z resonances are also performed in final states with three charged leptons and missing trans-
verse energy (i.e. (Xv(*(F where { = e or pu). These searches are carried out using two different signal
regions. One signal region is targeting the qqA and the other the VBF production mode.

Events with exactly three charged leptons are retained for further analysis. In addition, one of the lepton
pairs is required to have an invariant mass that is consistent with the Z boson pole mass. The third lepton
and the missing transverse momentum are used to reconstruct the W boson candidate, where the longitu-
dinal component of the neutrino momentum is obtained by constraining the invariant mass of the lepton
+ B system to the pole mass of the W boson.

The signal region that targets the qqA production mode is obtained by placing a selection requirement
on the ratio p¥. /myy 7 of the boson transverse momentum to the invariant mass of the reconstructed W Z
system*. Events failing this requirement enter a dedicated control region. The signal region that targets the
VBF production mode is populated by events that contain at least two jets in the forward regions of the de-
tector, emitted in opposite hemispheres. An artificial neural network (ANN) is then trained to distinguish
the signal process from the relevant backgrounds based on a variety of different input observables such as
the invariant mass of the two VBF jets, the azimuthal angular difference between these two jets, the rapidity
of the reconstructed W and Z bosons, the missing transverse momentum, and the sum of the transverse
momenta of all reconstructed objects in the event. The output score of the ANN is then used to define the

#This selection requirement exploits that heavy resonances tend to be produced at rest in the s-channel. Hence, the W and Z
bosons should have transverse momenta close to 50% of the resonance mass. At the same time, most backgrounds tend to
have p¥. /myy 7 values that are relatively low.
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VBF signal region and relevant control regions, where events with a relatively large score enter the signal
region and events with lower score enter a control region.

The search for W Z resonances is performed by fitting the invariant mass spectrum of the reconstructed
W Z system. Separate fits are performed to probe for the qqA and VBF production modes of heavy di-
boson resonances individually. The qqA signal and control regions are used to search for new heavy vector
bosons, W', while the VBF signal and control regions are used to search for both new heavy vector bosons
and heavy charged scalars. The HV'T model is used to interpret the results of the heavy vector boson search,
while the Georgi—Machacek model is used to interpret the results of the heavy charged scalar search.

Upper limits are set on the production of W Z resonances in the mass range from 200 GeV to 5 TeV for
the qqA production mode and in the mass range from 200 GeV to 2 TeV for the VBF production mode.
The largest deviation with respect to the Standard Model expectations is found in the search for the VBF
production mode at a resonance mass of 375 GeV. This excess corresponds to a local (global) significances
of 2.8 (1.6) standard deviations for the spin-o signal hypothesis and 2..5 (1.7) for the spin-1 hypothesis. No
significant excess is found in the search for the qqA production mode.

Based on these results, the production of W’ bosons via qqA can be excluded at 95% CL for masses below
2.4'TeV for the HVT model A and below 2.5 TeV for the HVT model B. For the VBF production mode,
several benchmark points corresponding to different coupling parameter values can be excluded. For ex-
ample, masses below 340 GeV, 700 GeV, 945 GeV, and 1145 GeV can be excluded for cp = 0 and gycy
values of 1.0, 2.0, 3.0, and 4.0, respectively. Furthermore, heavy charged scalars from the Georgi—Machacek
model can be excluded at the 95% CL forsin 8 > 0.3 and resonance masses between 200 GeV and 1 TeV.
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Figure 49: Observed and expected upper limits at 95% CL on the product of the cross section for pp — W' and
the branching fraction to W Z for (a) the quark-antiquark annihilation and (b) the vector-boson fusion production
modes presented as a function of the resonance mass. The LO theory predictions for HV'T benchmarks with different
values of the coupling parameters gy and ¢y are also shown.

Searches for v, V7, and hy Resonances

Searches for heavy di-boson resonances are also performed in final states containing photons. Recent ex-
amples are searches for new particles in 7y [193, 194, 270], Z7 [197, 271), W*7 [197], and Iy [199] events.
The search for heavy h+y resonances probes for a narrow spin-1 particle, Z’, in events consistent with the
Z' — hy — bby final state, where the two b quarks from the Higgs boson decay are reconstructed as a

8o



single large- R jet. An alternative approach to_the standard ATLAS X — bb tagging techniques is used to
identify the strongly Lorentz-boosted h — bb decays* [273].

Events are classified into signal regions if the mass of the large-R jet is within a window around the Higgs
boson pole mass, and in control regions if the jet mass is outside of the mass window. The event sample is
further split into a single- or double-b-tagged category depending on the number of b-tagged subjets of the
large-R jet. Further selection requirements are applied on the photon pt and the large- R jet pr in order
to enhance the search sensitivity. The selection requirements are optimised individually for events in the
single- and double-b-tagged categories.

The invariant mass of the photon and large-R jet, m s, is used as the final discriminant between the hy-
pothetical signal and background processes, the latter mainly being y+jets production. The signal is mod-
elled as the sum of a Crystal Ball function [274] and a Gaussian component that describes tail effects. The
background model is described via the parametric function B (m,) = (1 — x)"* xP2+P318(®)  wwhere
x = my,/+/s and the three dimensionless shape parameters p1, po, and p; are allowed to float freely in the
fit to data. The results are obtained as upper limits on the production of heavy resonances in the mass range
from 700 GeV to 4 TeV by performing a combined fit of the signal and background functions to data. The
distribution of the reconstructed 1 7, and the upper limits on the production cross section as a function
of the resonance mass are presented in Figure so. No significant excess of events is observed.
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Figure so: (a) Distributions of the reconstructed m s in the double-b-tagged event category presented for two signal
hypotheses and the background-only hypothesis, and (b) the observed and expected 95% CL limits on the cross

section times branching fraction as a function of the resonance mass [199].

#1In this technique, the topo-clusters and tracks associated with the large-R jet are boosted to the jet’s rest frame, where the
decay products resulting from the Higgs boson decay can be more easily separated into a back-to-back topology. The algorithm
works by first using the EEKT algorithm [272] to reconstruct exactly two subjets from the topo-clusters. Afterwards, tracks are
spatially matched to these subjets. Subsequently, both the subjets and tracks are boosted back to the laboratory frame. Finally,
standard ATLAS b-tagging algorithms are applied to each subjet to identify those containing heavy-flavor hadrons.

81



Di-Higgs resonances

Searches for resonant production of Higgs boson pairs are strongly motivated by almost all extensions of
the Higgs sector, including models with additional weak isospin singlets, doublets or triplets [275] as well
as by models with extra dimensions [276]. Searches for such new particles are performed at the LHC in the
bbbb, bbr 7=, and bbryy final states. Recently, the ATLAS collaboration published a combined search for

hh resonances considering these three channels [277].

The combined results as well as the results from the individual three analyses, are presented in Figure 1.
The upper limits are set on the production of hh resonances in the mass range from 250 GeV to 5 TeV.
The largest deviation with respect to the SM expectations is found around a mass of 1.1 TeV and corre-
sponds to a local (global) signicances of 3.3 (2.1) standard deviations. The combined limits are dominated
by the bby7y channel for masses below 400 GeV, by the bbr 7~ channel for masses between 400 GeV and
800 GeV, and by the bbbb channel for masses above 800 GeV.

The results are also interpreted in the context of the Type-I 2HDM and hMSSM benchmark models, ex-
cluding parameter space that was previously allowed by the most sensitive searches for these models [277].
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Figure s1: Observed and expected upper limits at the 95% CL on the production cross section for resonant Higgs
boson pairs presented as a function of the resonance mass m x [277].

Di-boson resonance searches via anomaly detection

The increasing popularity of machine learning has led to a surge in new analysis techniques being explored
and tested within the particle physics community. Among these, anomaly detection has emerged as a partic-
ularly promising approach, attracting growing interest in recent years. Unlike traditional supervised learn-
ing, which relies on labeled data from Monte Carlo simulations, anomaly detection can train classifiers
directly on collision data, without relying on a predefined physics model. This enables the development of
model-agnostic resonance searches, which are not constrained by specific BSM assumptions. Such generic
approaches are well-suited to complement the existing model-driven programme of searches for new heavy
particles.
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The ATLAS collaboration has recently published two searches for heavy di-boson resonances using either
weakly- or fully-unsupervised machine learning techniques [278, 279]. Both analyses probe all-hadronic
final states using the full LHC Run 2 pp dataset collected by the ATLAS experiment.

The studies presented in Reference [278] describe the search for a new heavy particle Y decaying into an-
other new particle X and a 125 GeV Higgs boson (Y — X h). The efforts focus on events in which the
particle X and the Higgs boson decay via X — ¢gand h — bb, respectively. These hadronic decays are
reconstructed via two small- 12 jets (“resolved”) or one large-I? jet (“merged”). A variational recurrent neu-
ral network [280] (VRNN), which consists of a variational autoencoder whose latent space is updated at
each time step of a recurrent neural network is trained on large- R jets in data exploiting jet substructure
information. The VRNN’s anomaly score defines a signal region selecting X candidates based on their
incompatibility with background jets. Two additional signal regions are defined for merged and resolved
decays of a nominal two-prong X benchmark signal, used for validation. All three signal regions also im-
pose stringent requirements on the Higgs boson candidate’s mass and X — bb tagging score [56].

Separate neural networks are used to estimate the normalisation and shape of the dominant multi-jet back-
ground within these signal regions, extrapolating from dedicated control regions which are obtained by
modifying the selection requirements on the h boson candidate. The distribution of the invariant mass
of the X and h candidates, my, is then probed for bumps within different windows around my in the
three signal regions. The largest excess in the anomaly score signal region is found in the mx interval
[75.5,95.5] GeV and reaches a global significance of 1.430. The my distribution corresponding to this
mx window is shown in Figure 52, along with the post-fit background distribution. These results are also
interpreted as 95% CL upper limits on the cross section o(pp — Y — Xh — qqbd) spanning the two-
dimensional space defined by my- and mx. Examples of such upper cross section limits are presented in
Figure 52 (b) for seven benchmark signal processes.
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Figure s2: (a) the my distribution associated with the mx interval [75.5,95.5] GeV in the anomaly signal region,
where the background estimation is fully data-driven. Both the statistical and systematic uncertainties are included.
(b) the 95% CL upper limit on the cross section for seven benchmark signal processes, comparing the anomaly, two-
prong merged, and two-prong resolved signal region selections [278]. All signals are labeled by the masses of the BSM
particles except the A — BC signals, where m 4 = 3 TeV, mp = 200 GeV, and m¢c = 400 GeV.
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Comparison of mass exclusion limits

Figure 53 shows a set of mass exclusion limits at 95% CL on a selection of HV'T, bulk RS, and RSt bench-
mark scenarios from recent ATLAS di-boson searches. The mass exclusion limits are obtained from 11
individual searches that target a variety of different final states. Depending on the benchmark model, pro-
duction mode, and decay channel, heavy resonances are excluded in their respective simplified theories in
a mass range spanning from a few hundred GeV up to several TeV. This comparison also highlights the
complementary nature of the individual search channels: i.e. searches in fully-leptonic final states tend to
provide the strongest constraints on new heavy resonances at low masses, while searches in semi-leptonic
and fully-hadronic final states tend to provide the strongest constraints at medium and high masses.

Most of these efforts were carried out, while I was the coordinator for the ATLAS di-boson resonance
searches. As a group coordinator, I was responsible for steering all aspects of the data analysis and publica-
tion process. This included ensuring that all steps of the analyses and papers met the quality standards of
the collaboration.

ATLAS Diboson Searches - 95% CL Exclusion Limits ATLAS Preliminary
Status: March 2023 £=1397? Vs =13TeV
Model Channel’ Strategy* Limit Reference
BUK RS (krre = 35, Ag = 3TeV) R — WW, ZZ — wqq, (vqq, (lqq resolved, boosted T T Eur. Phys. J. C 80 (2020) 1165
BUK RS (krre = 35, Ag = 3TeV) R— WW > ey resolved ATLAS CONF-2022.066
Bulk RS (krre = 35, Ag = 3TeV) R— WW,2Z - qqqq boosted JHEP 06 (2020) 042

@
§ RS1 (k/Mp = 0.01) Gk =¥y resolved || Phys. Lett. B 822 (2021) 136651
§ RS1 (k/Mp = 0.05) Gh =¥y resolved Phys. Lett. B 822 (2021) 136651
S EECEUI ) Grwe =7y resolved Phys. Lett B 822 (2021) 136651
Bl i ms (/e — 10) Gk = 22 = (00wt resolved Eur Phys. 4. G 81 (2021) 332
o Bulk RS (k/Mp; = 1.0) Grr = WW — evuy resolved ATLAS-CONF-2022-066

Bulk RS (k/Mp = 1.0) Grk — WW, ZZ - vrqq, (vqq, €qq resolved, boosted Eur. Phys. J. C 80 (2020) 1165

Bulk RS (k/Mp; = 1.0) Gk = WW, ZZ - qqqq boosted JHEP 06 (2020) 042

HVT model A W' = WZ - vt resolved arXiv:2207.03925

HVT model A W’ = WZ - waa, (vqq, (tqq resolved, boosted Eur. Phys. J. C 80 (2020) 1165

HVT model A W’ - WH - tvbb resolved, boosted arXiv:2207.00230

HVT model A W' - WZ - qaqq boosted JHEP 06 (2020) 042

HVT model A W’ = WH - qqbb boosted Phys. Rev. D 102 (2020) 112008

HVT model A 2/ WW > ewy resolved ATLAS.CONF-2022.066

HVT model A 2 WW - (vaq resolved, boosted Eur. Phys. J.C 80 (2020) 1165

HVT model A 2’ — ZH — vwbb, t(bb resolved, boosted arXiv:2207.00230

HVT model A Z' - WW — qq99 boosted JHEP 06 (2020) 042

HVT model A 2" ZH - qgbb boosted Phys. Rev. D 102 (2020) 112008

HVT model B [ resolved 0.8-2.6 TeV arXiv:2207.03925

HVT model B W’ > WZ = vqq, (vqq, (tqq resolved, boosted 0.8-4.3 TeV. Eur. Phys. J. C 80 (2020) 1165

Gauge bosons

HVT model B W' — WH — tvbb resolved, boosted 0.8-3.3 TeV. ankiv:2207.00230

HVT model B W' — WZ - qaqq boosted 1.3-3.6 TeV. JHEP 06 (2020) 042
HVT model B W’ — WH = qqbb boosted 1.5-3.2 TeV. Phys. Rev. D 102 (2020) 112008
HVT model B Z' > WW s ey resolved 0.8-2.4 TeV. ATLAS-CONF-2022.066
HVT model B Z' - WW > (vqq resolved, boosted 0.8-3.9 TeV. Eur. Phys. J. C 80 (2020) 1165
HVT model B 2’ — ZH — vvbb, ((bb resolved, boosted 0.8-3.2 TeV. anXiv:2207.00230

HVT model B Z' - WW - qqqq boosted 1.3-3.1 TeV. JHEP 06 (2020) 042

HVT model B Z' — ZH - qqbb boosted 1.5-2.7 TeV. Phys. Rev. D 102 (2020) 112008
HVT model C W' = WZ - vt resolved 0 03-034Tev arXiv:2207.03925
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Figure 53: A set of mass exclusion limits at 95% confidence level from ATLAS di-boson searches for new phenomena.
The results are based on the full 13 TeV pp collision dataset [175].

4.5 Combination of searches for heavy resonances

The ATLAS and CMS collaborations conduct searches for new heavy resonancess in a wide range of final
states. In addition to the aformentioned searches for di-boson resonances, the search programme of the
LHC experiments is complemented by searches for heavy resoannce decaying into pairs of leptons or pairs
of (heavy) quarks. To exploit the full potential of the available data, statistical combinations of the indi-
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vidual analysis channels are performed within selected theoretical frameworks or benchmark models*. By
combining individual searches, which typically constrain only a subset of the coupling parameters, signifi-
cantly stronger constraints on relevant model parameters can be obtained.

Dedicated combination efforts are performed for different classes of models. Prominent examples are com-
binations of searches for heavy vector bosons, which have a long-standing tradition in both ATLAS and
CMS [281, 282]. Similar efforts are done to combine searches for dark matter mediators [283, 284] and
searches for supersymmetric partners of SM particles [285, 286, 287, 288].

The most recent efforts to combine the searches for heavy Z’ and W’ bosons performed by the ATLAS
collaboration [289] are summarised in Section 4.5.1. These efforts combine recent searches for di-boson res-
onances with searches for di-lepton and di-quark resonances. Searches for di-boson resonances also play a
major role in models with BSM Higgs bosons. However, the ATLAS collaboration has not yet performed a
dedicated combination of results from its various BSM Higgs boson search efforts. Therefore, Section 4.5.2
provides a brief overview of recent BSM Higgs boson searches, summarises their interpretation in a selec-
tion of general benchmark models, and compares the exclusion contours from relevant analyses.

4.5.1 Combination of searches for new heavy vector bosons

The most recent efforts to combine searches for new heavy vector bosons use a total of 21 individual anal-
yses of independent final states, all of which use proton-proton collision data collected during 2015-2018
with the ATLAS detector. Table 3 lists the individual searches entering the statistical combination, details
their final states, and specifies the discriminating variable used for each search.

The searches for heavy particles decaying to pairs of quarks (¢g, bb, tt, and tb) and third-generation leptons
(7*v and 7577) are included for the first time in a heavy resonance combinations of ATLAS.

The individual analysis channels are optimised independently aiming to reach maximal sensitivity to search
for new heavy resonances. However, for the statistical combination of these channels, minimal additional
selection requirements are introduced to ensure that collision events are not used in more than one analysis
channel. These additional selection requirements are chosen to maximise the sensitivity of the combined
result. Additionally, the design of the combination’s statistical model is carefully considered, and the cor-
relations of the uncertainties between individual analysis channels are extensively studied.

The combined results are obtained by a simultaneous maximum likelihood fit to the signal discriminants
(i.e. invariant or transverse masses) across all of the analysis channels. Each analysis contributes to the fit
with dedicated signal and control regions, where the background normalisations and their uncertainties are
not correlated across the various analysis channels to maximise the flexibility of the background modelling.
The results are presented as either one-dimensional upper limits at the 95% CL on the signal production
cross section times branching fraction or as two-dimensional constraints on the coupling strengths param-
eters (i.e. gm, gq and gp) of the HVT model. The masses of the Z’ and W’ bosons are assumed to be
degenerated for both types of fits, which is a well-motivated approximation in the studied parameter space.
Hence, a common mass term my is used to parametrise the model predictions.

#The model dependency is inevitable in the context of statistical combinations as the relevance of a given production or decay
mode (and therefore its contribution to a combined search) depends strongly on the properties (such as mass, couplings and
spin) of the hypothesised new particle.
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Table 3: Summary of the individual analysis channels (and their respective final states) entering the statistical combi-
nation of heavy resonance searches. Entries which are separated by a comma denote an “OR” of different selection
requirements. For jets, “j” corresponds to small-R jets, while “J” corresponds to large-I? jets. The symbol, C, denotes
any combination of at least one of the objects inside the bracket up to the number shown. Entries denoted with a
“~” indicate that no explicite requirement for that object is used. The VBF column indicates whether an analysis has
an additional category targeting the VBF production mode. Another column states the discriminating variable used

in a given search [289].

Analysis channel Charged leptons | E3s jets b-tags | VBF | Discriminating variable | Reference
WW/WZ — qdqq o Veto >2J - - myy [182]
WZ — vvqq o Yes >1J o,,2 | Yes mr [185]
WW/W Z — (*vqq le, 1 Yes | >25,>1J o Yes Mgyjj> Mev [185]
WZ — (*(Fqq 2e, 21 No | >25,>1J o Yes Megjs> M [185]
WZ — (Fptiv 3C (e, ) Yes - o Yes Myvee [181]
Wh/Zh — qgbb o Veto >2J 1,2 - myy [189]
Zh — vvbb o Yes | > 29,>2J L2 - mo [190]
Wh — (*ubb le, 1p Yes | > 29,>2J L2 - Meyjj> My [190]
Zh — (X0Fbb 2e, 21 Veto | > 23,>2J L2 - Megjs> Mo [190]
(*v le, 1p Yes - - - mr [290]
Tty 17 Yes - - - mr [201]
IS4 2e, 2/ No - - - My [292]
TEIF o,le, 1p Yes - 0,>1 - Moy [259]
tt o - 2] L2 - Myt [293]
tb o - | =2s) =21 | - M [294]
th le,1p Yes 2j, 3j L2 - My [294]
qq o - 2 o - m; [295]
bb o - 2j L2 - Mpp [295]

When calculating one-dimensional upper limits on the production cross section and two-dimensional
constraints on the coupling strengths parameters, the signal contributions to each analysis channel are
weighted appropriately following the cross section and branching ratio predictions of the HVT bench-
mark model [221]. As both, the signal cross sections o (pp — W) and o (pp — Z’) as well as the branch-
ing fractions vary as a function of the coupling strengths parameters, the fits have to be repeated for each
set of coupling strengths parameter values. Given the model-dependent assumptions on the cross sections
and branching ratios, the obtained results cannot be interpreted as general constraints on the production
of new heavy particles.

The local p-values for the individual search channels, subcombinations, and their subsequent full combi-
nation are evaluated over the full range of considered pole masses spanning from 400 GeV to 6 TeV. The
corresponding scans for the HVT models A, B, and C are depicted in Figure 54. Combining the individual
search channels offers the advantage that small local excesses from a true signal present in multiple channels
gets reinforced, while larger excesses due to a fluctuation in a single channel do not get corroborated. In
fact, a number of 10 and 20 fluctuations are observed in the individual search channels targeting the qqA
production mode, while their subcombination and full combination scans generally do not exhibit any
sizeable excess. For the VBF channels, a modest increase in significance is observed for the combination ata
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pole mass of 1.5 TeV with a local significance of 2.60, where the gquvv, gglv, and gl channels each show
some minor excess over the background expectations.
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Figure s4: Local p-values presented for the subcombinations and the full combination at a selection of pole mass
hypotheses. Scans are shown for (a) the HVT model A and model B, and (b) the HV'T model C [289].

Figure 55 shows the observed and expected 95% CL upper limits on the V"’ cross section of the qqA and
the VBF production modes for the individual analyses and their respective combination, assuming the cou-
pling of the HVT models A, B or C. For the HVT model A, the combined observed upper limits on the
production cross section range from around 50 b for a pole mass of 400 GeV to around 0.2 fb for a mass of
6 TeV. For the HV'T model B, the combined observed upper limits on the production cross section range
from about 20 fb for a mass of 1 TeV to about 0.3 fb for a pole mass of 5 TeV. As expected, the VV + V h
channels dominate the combined limits under the HV'T model B assumption, while the leptonic channels
dominate the combined limits for the HVT benchmark model A. The resulting observed (expected) 95%
CL exclusion limits on the resonance mass are presented in Table 4. For HV'T model A, the observed (ex-
pected) lower limit on the mass of V" is 5.8 (5.6) TeV and the corresponding limit in the HVT model B is
4.4 (4.4) TeV. For the HVT model C, the combined observed upper limits on the production cross sec-
tion range from around 400 fb for a pole mass of 300 GeV to around 0.9 fb for a mass of 4 TeV. The upper
limits on the cross section are compared to three different versions of the HV'T model C corresponding to
bosonic coupling strengths of g = 1, gy = 3, and gy = 6. For the HVT model C (with gz = 1), the
observed (expected) lower limit on the mass of V" is 0.4 (0.5) TeV, for g = 3 the lower mass limit is 1.0
(1.1) TeV, and for g = 6 the lower mass limitis 1.5 (1.8) TeV.

Figure 56 presents the exclusion contours at 95% CL on the coupling strengths parameters of the HVT
model. The first coupling scenario makes the assumption of common fermionic couplings (g = g¢ = g4),
and probes the {gr, g7} plane. The second coupling scenario assumes independent fermionic couplings,
and probes the {g,, g} plane with g = —0.56, which takes the value predicted in the HV'T benchmark
model A. The results are presented here for a resonance mass of 4TeV, while further scans are shown in
Reference [289] (contained in the attachment). The scan over the {gx, g5} plane highlight the comple-
mentarity of the bosonic channels compared to the other channels. The bosonic channels can more tightly
constrain the region where g tends to zero, while the leptonic and quarkonic channels remain strong where
g is close to zero. Combining all channels results in narrow horizontal bands that cannot be excluded,
given that the ¢g production cross section vanishes for gy — 0. Only searches in the VBF production
mode have a chance to constrain this regions, but their sensitivity is currently still too low.
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Figure s5: Observed and expected upper limits at 95% CL on the V cross section shown as a function of the V'
pole mass for the subcombinations and full combination, assuming a) the HVT benchmark model A, b) the HVT
benchmark model B, and ¢) the HVT benchmark model C [289]. For the HVT model A and B, searches targeting
the qqA production mode are exploited. For HVT model C interpretations, searches targeting the VBF production
mode are used. Furthermore, only the valid range of theory cross-sections is displayed; i.c. regions of parameter
space where the corresponding HV'T model versions fail to reproduce the SM predictions at lower V'’ pole masses are
omitted.

Comparison to previous results

The constraints at low masses are so strong that the combination of channels does not bring significant
improvements. However, at the high masses, such as my+ = 5 TeV, the combination of the various anal-
ysis channels improves the limits by up to 40%. Compared to the previous combination of resonance
searches [281], which used 36.1 fb~! of /s = 13 TeV data, the constraints on the HV'T model parameters
improved siginificantly. For resonance masses of 3 TeV and 4 TeV the expected limit on g has improved by
10% to 50% depending on the value of g5. For a resonance mass of 5 TeV, the improvements are between

40% and 60%.
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Table 4: Observed and expected 95% CL mass exclusion limits on the HVT benchmark model A and B for the ¢
production mode [289].

Ch 1 HVT model A Exclusion Limit HVT model B Exclusion Limit
anne
Observed [TeV] Expected [TeV] | Observed [TeV] Expected [TeV]
\'AY 4.1 4.0 4.3 4.2
Vh 3.6 35 3.9 3.9
VV + Vh 43 4.1 4.4 4.4
(Fv+ 750 + (F0F 4 7577 5.8 5.6 3.2 2.7
tt+tb+bb+qq 4.1 3.8 - -
Full combination 5.8 5.6 4.4 4.4
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Figure 56: Observed and expected 95% CL mass exclusion contours for the full combination in the 2D coupling
plane for (2) {gr, g} and (b) {gq, g¢} presented at a V'’ pole mass of 4 TeV, for the qqA production mode. The
dashed grey lines shows the region where the resonance width is 5% and 10% of the resonance mass [289)].

Personal contributions

The work on this analysis was carried out by a team of 37 researchers, including myself and a Ph.D. student
from TU Munich and MPI under my supervision. This student performed studies to assess the overlap
between our V' h resonance search and other searches contributing to the combined analysis, and developed
a strategy to remove the identified overlap. Additionally, in my role as the coordinator of the ATLAS di-
boson resonance searches, I ensured that the combined analysis efforts were set up following the ATLAS
quality requirements from the beginning.

Challenges

The combination of multiple resonance searches presented several challenges. A critical one was to ensure
orthogonality between the search regions of the various analyses. Initially, significant overlaps were iden-
tified between the signal regions of several searches. To assess these overlaps, all analyses were applied to a
common set of simulated HV'T signal events, covering a range of pole masses from 500 GeV to 3 TeV. This
sample was then used to determine the fraction of events shared by each pair of analyses.
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The most significant overlap occurred between the W*WF — ¢gqq search and the ¢g search, with around
90% of events selected by the former also being selected by the latter. Additionally, a substantial overlap of
around 70% was observed between the W*h/Zh — qgbb search and the qq search. Significant overlaps
were also identified between several of the semi-leptonic di-boson resonance searches: Zh — vvbb and

ZW — vvqq, Zh — bband ZW — llqq,and Wh — lvbband WW /W Z — lvqq. Their overlaps

ranged up to around 20%.

To address the identified overlaps and prevent data events to be counted more than one time, additional
selection criteria were implemented. For instance, to achieve orthogonality between the semi-leptonic V'
and V'V di-boson searches, the invariant di-jet mass window for events in the resolved V' h category and the
invariant mass requirement for large- R jets in the merged V' I category were tightened. These modifications
resulted in a slight reduction in the sensitivity of the individual V'h resonance search channels. However,
the overall sensitivity to search for new heavy vector bosons was largely maintained because events excluded
from one analysis were likely selected by another.

Outlook

The latest version of the combined search for heavy resonances has achieved significant milestones, includ-
ing surpassing constraints on the HVT coupling parameters set by LEP electroweak precision measure-
ments for resonance masses extending to several TeV.

Future iterations of the combined search for heavy resonances will aim to push the existing mass exclusion
limits even higher and further strengthen constraints on the coupling parameters gy and gy, when g is
close to zero. In such scenarios, the VBF production mode will be dominant. However, significant im-

provements on either front will require a substantially larger dataset, which will take several years of data
collection at the HL-LHC.

Future combined searches would also benefit from considering a broader range of signal hypotheses. The
current version focuses solely on Spin-1 particles, but interpretations involving heavy Spin-o and Spin-2
particles are also of considerable interest to the community. Expanding the scope of the combination to
include additional spin hypotheses would naturally motivate the inclusion of further search channels, such
as X — hh — bbbb, X — hh — bbr7, X — hh — ~ybb,and X — 7. These channels, while
irrelevant for Spin-1 particles, become crucial when searching for Spin-2 particles. Furthermore, combining
the results from existing searches for Spin-o and Spin-2 particles has the potential to significantly strengthen
current constraints on extended Higgs sector models and extradimensional models, respectively.

4.5.2 Interpretation of BSM Higgs boson searches

By now, the ATLAS and CMS collaborations have performed a wide range of searches for extra Higgs
bosons covering a large variety of different production and decay modes. The most recent searches for
additional neutral, singly and doubly charged Higgs bosons based on data from pp collisions at 13 TeVare
summarised in Table 5. Lowest order diagrams for the considered production modes are also presented.

The upper limits of the individual heavy Higgs searches are interpreted in the context of specific bench-
mark models to set exclusion limits on relevant model parameters.
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Examples are presented in Figure 57, Figure 58, and Figure 59, which show overlays of observed and expected
exclusion limits at 95% CL on parameters of the hAMSSM*, the Type-I 2HDM*, and the Georgi-Machacek
model, respectively.

Figure 57 shows the overlay of exclusion contours from nine different direct searches for BSM Higgs bosons,
as well as the exclusion contours obtained from the constraints from combined fits on the coupling param-
eters of the 125 GeV Higgs boson, which are derived in Reference [167]. The combined fits provide strong
constraints on the hMSSM, excluding heavy Higgs bosons for masses below 500 GeV. A large fraction of
the hMSSM parameter space is excluded by a search for H/A — 777 decays, which excludes heavy Higgs
bosons with masses up to 2 TeV for large tan /3 values. Searches for H+ — tb decays exclude low tan 3
regions for masses up to 800 GeV, while searches for H — hh — bbbb, bbr=77, bby~y decays exclude
intermediate tan /3 regions for heavy Higgs boson masses up to 700 GeV. The search for A — Zh decays,
introduced in Section 4.2.2, excludes heavy Higgs bosons with masses from 220 GeV to 450 GeV and tan 3
values up to 4.5. However, other direct searches and the constraints from combined coupling parameter
measurements exclude the same parameter space.

The results from the A — Zh search are more relevant in Type-12HDMs for scenarios with cos(/5 —a) >
0.1. As shown in Figure 58, the A — Zh search provides significantly stronger constraints on tan /3 as a
function of the BSM Higgs boson mass than the searches for A/H — 77T and H — hh. Furthermore,
the A — Zh search provides exclusion limits in regions of the paraneter space in which the H — hh
search results are invalid due to a large H boson width*®. Other BSM Higgs boson searches are not yet
sensitive to this parameter space.

Further comparisons are presented in Figure 59 which shows an overlay of observed and expected exclusion
limits at 95% CL on the Hsplane benchmark of the Georgi-Machacek model presented as a function of the
mass M5 of the heavy Higgs bosons and the ratio of vacuum expectation values sin (0 ). The exclusion
contours are obtained from searches for various di-boson resonances.

Despite the large number of ongoing search efforts, a large fraction of the parameter space of the h(MSSM,
the Type-I 2HDM and the Georgi-Machacek model remain unconstrained. Searches for so far uncovered
signal production or decay modes, and a larger dataser are required to close these gaps.

+The hMSSM scenario corresponds to a CP-conserving Two Higgs Doublet model and describes the Higgs sector of the Min-
imal Supersymmetric Standard Model. It contains five Higgs bosons (h, H, A, H i), where h has the mass m;, = 125 GeV,
and is effectively described by only two free parameters: the ratio of vacuum expectation values (tan ) and the mass of the A
boson (m 4) [296].

#The considered benchmark scenario is CP-conserving with the relevant parameters set to my, = 125GeéV, myg = mA =
my+,and m3, = m? sin [ cos 3. This leaves the three parameters m 7, tan 3, and cos(3 — ) free.

#For widths beyond 5%, interference effects between the resonant H — hh production and the SM continuum become
substantial. These interference effects are currently not account for in searches for resonant hh production, which is why the
limits are not valid for H boson widths above 5%.
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Table s: Summary of recent direct searches for additional Higgs bosons by the ATLAS collaboration based on data
from pp collisions at /s =13 TeV [297].

Production modes References Diagrams
g9
gluon—gluon fusion | [194,193, 298, 259, 299,190, 300, 178, 301] A
g
X
g
b/t associated [259, 299, 190, 255, 302, 303] AH
Neutral g
i b, t
Higgs bosons )
q
vector-boson fusion [298, 178] _H
q
q
Higgs Strahlung [187, 300]
via top-quark decays [304, 305]
7
Singly-charged 9
: .
Higgs bosons tb associated [305,306] | >
g9
b
q
q
+
vector-boson fusion [181] M
q
q
/I.Ii:t
pair production [307, 308]
Doubly-charged .
Higgs bosons s
Higgs boson associated [308]
HFF
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Figure 57: Overlay of observed (indicated as solid lines) and expected (indicated as dashed lines) exclusion limits at
95% CL on the hMSSM scenario presented as a function of the heavy Higgs boson mass m 4 and the ratio of vac-
uum expectation values tan 3. The limits are obtained via direct searches for heavy Higgs bosons and via fits to the
measured rates of the observed Higgs boson production and decays [309].
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95% CL on the Hsplane benchmark of the Georgi-Machacek model presented as a function of the mass m5 of the
heavy Higgs bosons and the ratio of vacuum expectation values sin(6x ). The limits are obtained via direct searches
for new, heavy, neutral or charged Higgs bosons [310].

4.6 Outlook to future resonance searches

Despite extensive searches for new fundamental particles at the LHC, no convincing evidence for BSM
physics has been found so far. The absence of any new signal has placed strong constraints on many BSM
theories, and some have even been ruled out completely. However, large regions of parameter space remain
experimentally unconstrained for some of the most natural extensions of the Standard Model [311].

While some regions of the open parameter space will become accessible over time as more data is collected,
other regions will remain inaccessible with conventional searches. Therefore, new and more complicated
signal signatures need to be explored. At the same time, new and improved algorithms are required to
reconstruct and identify the decays of strongly Lorentz-boosted SM particles, in order to maximise the
sensitivity to search for new physics effects.

Sections 4.6.1 and 4.6.2 discuss limitations of recent di-boson resonance searches and missing interpreta-
tions of the search results, respectively. Furthermore, Section 4.6.3 provides an outlook for future searches
for unexplored signal signatures in multi-boson events*” with the ATLAS detector, and Section 4.6.4 de-
tails the development of novel reconstruction and identification algorithms.

4.6 Limitations of recent di-boson resonance searches

Most resonance searches performed by ATLAS (but also CMS) assume that new heavy particles are narrow,
with a width that is negligible compared to the detector resolution. While these assumptions are justified
for some BSM scenarios, they are not generally true and can even be inadequate for certain types of models.

#7The recent observations of the Wy, W Z~, Z~~y, and WWW processes [312, 313, 314, 315] strongly motivate searches for
new physics effects in such multi-boson events.
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Large width effects play an important role in Two-Higgs-Doublet models and other models with a non-
minimal Higgs sector. Depending on the mass and coupling properties, the widths of Higgs bosons can
become substantial, as shown in Figure 60(a). The importance of considering such large width effects is
demonstrated in Figure 60(b), which shows that the upper limits on the production of a heavy resonance
obtained for a narrow resonance can differ significantly from those obtained for a wide resonance.

Wide resonances pose additional challenges to our search efforts because they typically exhibit significant
interference effects with the SM backgrounds. Such interference effects can significantly distort the shape
of the signal mass spectrum. For example, in Type-II 2HDMs, destructive interference effects between the
gg — ttand gg — A — tt processes can become substantial at large tan /3 values [260]. Figure 61
shows the invariant mass distribution of top-quark pairs from the decay of a heavy pseudo-scalar before
and after accounting for interference effects with the SM ¢# production process. Due to the interference
effects, the signal shape is distorted from a Breit—Wigner peak to a peak-dip structure. These studies clearly
demonstrate that ignoring interference effects has a dramatic impact on our search results.
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Figure 6o: (a) total width of the SM Higgs boson shown as a function of its mass and (b) observed and expected upper
limits at 95% CL on the product of the gg — H production cross section times the H — WEWF branching ratio,
as a function of the resonance mass and for three different signal widths [83, 316].
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Figure 61: Distributions of the invariant mass of top-quark pairs from the decay of a pseudoscalar A with massmy =
500 GeV for the pure resonance S (filled) and signal+interference contribution S + I (unfilled) [260].
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4.6.2 Missing interpretations

Axion-like particles (ALPs), and more generally pseudo-Goldstone bosons, appear in several extensions of
the Standard Model. They may be related to the solution to the strong CP problem [317], and/or to the
existence of new spontaneously-broken global symmetries in Nature. Furthermore, ALPs are promising
dark matter candidates [318, 319].

The existing constraints on ALPs are dominated by astrophysics and cosmological experiments for ALP
masses m, < 1 GeV, while collider experiments are particularly important for m, > 1 GeV. The LHC ex-
periments have conducted numerous searches for ALPs, mainly focusing on long-lived particles or prompt
decays into pairs of photons and leptons. However, the couplings of ALPs to gg, ZZ, WW, Z~, and
Z h remain largely unconstrained. This is why recent phenomenological studies have proposed to conduct
searches for ALPs in di-boson events. For masses m, ~ 200 GeV, on-shell production of a — ZZ or
a — WEWT can become dominant [320], while for masses m, << 100 GeV, gluon-initiated di-boson
scattering processes such as gg — ZZ, WEW ¥, Z~, and Zh, mediated by a virtual ALP, may have sizable
cross sections [253]. Diagrams for di-boson production mediated via oft-shell ALPs are shown in Figure 62.

Figure 62: Feynman diagrams for the processes (a) g9 — 27, g9 — WEWT and (b) g9 — Zh mediated via
an off-shell axion-like particle in the s-channel. The blobs represent an effective couplings between the axion-like
particles and the SM bosons.

Constraints on the resonant production of di-boson systems viaa — ZZ ora — WEWT can be easily
inferred from existing searches for radions decaying via R — ZZ or R — W*WT [178, 185]. However,
dedicated search efforts are required to probe for di-boson production mediated by an oft-shell ALP via the
99 = a* = ZZ,g99 = a* = WEWTF, g9 — a* — Zv,or gg — a* — Zh prcesses. Such searches
would need to probe for enhancements in the tails of the invariant mass distributions of relevant final state
particles, rather than for a narrow peak.

The upper limits on the cross sections for on-shell and oft-shell ALP production can be converted to con-
straints on the effective coupling parameters between ALPs and SM particles. Such constraints would be
complementary to those from any other ongoing ALP searches.

4.6.3 Unexplored signal signatures

Good candidates for new physics searches are cascade decays of new massive particles such as the Kaluza-
Klein excitations of the SM gauge bosons [321, 322], which are predicted in models with extra dimensions,
or heavy Higgs bosons [311, 323] predicted in models with an extended scalar sector. These cascade decays
can lead to exotic final states with multiple SM bosons in the event. Although they could occur at signifi-
cant rates at the LHC, their non-standard signatures make them easily missed by conventional searches.
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Figure 63 presents a few examples of cascade decays of new heavy particles that can result in tri-boson events.
These diagrams depict the production and decay of Kaluza-Klein (KK) excitations of the W boson, the
photon, and the gluon, followed by their subsequent decays into a radion, R, and a SM boson. These
types of decays would lead to distinctive final states such as ¥y, yyqq, (Evyy, (X0F0E(F, (*vqqqq,
or (0T qqqq [321, 322]. If the mass difference between the radion and the particle in the s-channel is suf-
ficiently large, the decay products of the radion will be strongly collimated. This can lead to challenging
signatures, such as four-prong large- R jets from boosted R — W*WT — qgqqor R — Z*ZF — qqqq
decays, or overlapping di-photon signatures from boosted 2 — 7 decays. The current ATLAS recon-
struction and identification algorithms are not well-suited to these signatures, so that new algorithms would
need to be developed to probe these decays.

Multi-boson events are also predicted in models with an extended Higgs sector. A few examples are pre-
sented in Figure 64. As discussed in Reference [269], a large portion of the phenomenologically viable
parameter space of type-I 2HDM:s feature multi-boson signatures from events containing a charged Higgs
boson. In these scenarios, the charged Higgs boson decays predominantly into a W boson and a non-
SM like neutral Higgs boson hpg (or A), which then decays with significant branching fractions into
pairs of bosons (WW, ZZ, or 7). Additional vector bosons can arise from the production process of
the charged Higgs boson*®. Depending on the production mode, candidate events can contain up to five
vector bosons, resulting in final states with multiple charged leptons, multiple photons, and/or multiple
jets. Analogously, multi-boson cascades initiated by the decay of a heavy neutral Higgs boson are predicted
in CP violating 2HDMs, N2HDM:s [263], three-Higgs-doublet models [128, 264, 311, 323] or models with
massive ALPs [320].

Multi-boson signatures from cascade decays are predicted in many other BSM theories [324], beyond the
few examples given above. Most of these signatures have not yet been directly searched for by ATLAS or
CMS, while many theorists and phenomenologists have been urging the experimental community for years
to initiate dedicated searches for them.

W+, 2,y W*,Z,y W*,Z,y

W, Z,~ W+, 7, W+, 7,y

(b) ()

Figure 63: Representative lowest-order diagrams for the production and decay of Kaluza-Klein excitations of the W
boson, the photon, and the gluon, followed by their subsequent decays into a radion, R, and a SM boson. The radion
then decays into a pair of SM bosons.

#At the LHC, the three main channels for direct charged Higgs boson production are: associated production of a charged
Higgs boson with a top and a bottom quark, associated production with a neutral Higgs boson, and associated production of
a charged Higgs boson and a W boson.
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Figure 64: Representative lowest-order diagrams for the production of Higgs-like bosons and their cascade decays,
where H* isa charged Higgs boson and h s is an additional neutral Higgs-like particle, which may be lighter or
heavier than 125 GeV.

4.6.4 Development of new reconstruction techniques

Numerous efforts are ongoing in the ATLAS and CMS collaborations to develop new machine learning-
based algorithms to improve the reconstruction and identification of collimated decays of strongly Lorentz-
boosted massive particles. These algorithms are essential to probe for signs of new physics at a mass scale
extending to several TeV. To date, the development of boosted boson tagging algorithms has mainly fo-
cused on the reconstruction and identification of hadronic boson decays (such as W' — ¢¢, Z — qq, or
h — bb, c) [ss, 56, 325, 326] or boosted decays of 77 systems [327]. However, little effort has been spent
on the identification of highly boosted Z — e*e™ decays.

Several recent di-boson resonance searches based on channels targeting leptonic Z boson decays, were
found to be limited by the inefficiency to reconstruct and identify highly Lorentz-boosted Z — e*e™ de-
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cays [181, 185, 190]. Figure 65 depicts the products of kinematic acceptance and reconstruction efficiency*
for 7' — Zh — (*0bb/ce, W' — ZW* — (H(Fqgand W' — W*Z — (Ful=(T decays as a
function of the resonance mass. The acceptance times efficiency declines dramatically in all three searches
for masses around 2 TeV.
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Figure 65: Product of acceptance and efficiency for selecting events of hypothetical heavy vector boson (Z' or W)

decays presented as a function of the resonance mass. The curves are obtained from recent di-boson resonance
searches by the ATLAS collaboration, including Z' — Zh — *0bbj/ce, W' — ZW* — (*(Fqq, and
W' — W*Z — (Fu0*0F [181, 185, 190].

The standard electron reconstruction and identification procedures of the ATLAS collaboration perform
well over a wide kinematic range, but their performance is significantly limited in highly Lorentz-boosted
Z — ete” decays, as shown in Figure 66. As the Lorentz boost of the Z boson increases, the decay
products become more collimated, and the efficiency of reconstructing both final state particles decreases
dramatically. The degradation effects for large Z boson momenta (i.e. for strongly collimated e™e™ sys-
tems) are driven by e.g. the merging of energy clusters and a distortion of shower shapes and track quality
observables used in the electron identification procedure.

To mitigate the efficiency losses of the ATLAS standard electron reconstruction and identification tech-
niques, a new algorithm dedicated to identifying highly boosted Z — e e~ decays has been developed [328].
Jets, clustered via the anti-k; algorithm using a radius parameter of 0.4 and particle-flow objects as inputs,
are used to reconstruct the Z — eTe™ candidates (as illustrated in Figure 67). Afterwards, a deep neural

#1In this context, the acceptance is defined as the fraction of simulated signal events for which the expected final state particles
pass all relevant object definition requirements, and the reconstruction efficiency is defined as the fraction of simulated signal
events passing the various selection criteria of the signal regions.
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Figure 66: Efficiency to reconstruct and identify Z — e e~ decays using standard ATLAS electron reconstruction
and identification algorithms as a function of the angular separation ARET;“IE between the generator-level objects.
The efficiencies are presented for different operating points (OP) of electron identification and without applying any

identification requirements [328].

network (DNN) trained on 29 different jet properties (such as the mass, width, fraction of electromagnetic
energy, number of constituents, and substructure information) is used to reduce backgrounds from single
electrons or single photons, 7 leptons as well as quarks and gluons.

The DNN maps the input vector to a four-dimensional output layer through four hidden layers, each
with 200 nodes. The four output nodes quantify the probabilities of a jet being classified as signal, or as
one of the three background classes. The training with multiple output nodes allows for high flexibility
in constructing the final discriminant of the identification algorithm. Combining the probabilities of the
signal and background classes can further optimise the algorithm’s performance. Following the arguments
of Reference [329], the outputs of the DNN are combined into a single discriminant function for the

signal-jet hypothesis:

fZHee * PZ—ee )

DZee = 111( s (6)
fatg * Pajg + Jepy + Pesy + fioyr - Py

where the p; are the probabilities for the various signal and background hypotheses as predicted by the

DNN, while the f; are the jet fractions®.

Figure 68 (a) shows the distribution of the Dz, score for the signal and the three background classes. The
signal is clearly separated from the backgrounds. Operating points corresponding to signal identification
efficiencies of 97%, 95%, 93%, and 88% are defined based on selection requirements on the Dy, score
distribution. The selection requirements on Dy, are chosen to be pr dependent, in order to stabilise the
identification efficiency as a function of the jet pr.

5°The relative importance of the ¢/g-, e/7- and (7)7-jet rejection can be adjusted by varying the f; parameters. In the initial
studies, the f; were set to match the jet fractions of the testing sample: f7 ,ce = 0.217, f, /4 = 0.488, f.,,, = 0.230, and
f(T)T = 0.065. However, the optimal choice of the f; may vary significantly between different physics analyses, depending
on the expected event kinematics and background composition.
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tween the decay products of the Z boson decreases as a function of the Z boson pr [330].

The efficiency of the newly developed DNN to reconstruct and identify boosted Z — e™e™ decays viaa
single anti-k; jetis shown in Figure 68 (b) as a function of the angular separation between the generator-level

electron-positron pair, ARET;I_I, for different operating points. Both the reconstruction efficiency and the

identification efficiencies decline with decreasing ARETQE values. However, the new Z — e*e™ tagging
algorithm is significantly more stable than the standard ATLAS electron reconstruction and identification
techniques (see Figure 66). For example, the new algorithm is around 15 to 40 times more efficient at re-
constructing and identifying Z — eTe™ decays with angular distances between 0.06 and 0.08 than the
standard techniques, depending on the operating point. Therefore, this new tagging algorithm promises
to be a useful tool to enhance the sensitivity to searches for di-boson resonances in final states including lep-

tonic decays of highly boosted Z — e*e™ bosons (such as 7' — Zh — (*0Fbb, R — Z7 — (*(Fqq,
or W' — W*Z — (Ful*(F),
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Figure 68: (a) distribution of the combined DNN output discriminant presented separately for signal jets and jets
from the background classes and (b) the efficiencies to reconstruct and identify boosted Z — ete™ decays via a
single anti-£; jet as a function of the angular separation between the generator-level electron-positron pair, ARZTgl s

presented for different operating points [328].
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The work on this algorithm has been made public by the ATLAS collaboration [328] and are the product
of long-standing research efforts carried out over several years by myself and various students, including
two from the TU Munich. In 2019, a high school student conducted the initial studies on this subject.
I supervised the student for two weeks as part of the CERN project weeks organised by the “Netzwerk
Teilchenwelt”. The work done during this internship was followed up by a B.Sc. project, during which a
first mature version of the multi-class identification algorithm was developed. The results from the B.Sc.
project were then further improved during a M.Sc.project [330] by adding more features to the DNN and
by performing extensive hyperparameter scans to optimise the performance of the network. In addition,
detailed studies on the mass and transverse momentum response scale and resolution for Z — e*e™ jets
were conducted during this M.Sc. project. The new Z — e*e™ tagging algorithm was also applied to
the search for 7' — Zh — (X(Fbb decays, resulting in an improvement by a factor of two in the upper
limits on the production cross section times branching ratio, compared to the limits obtained when using
the ATLAS standard techniques for electron reconstruction and identification [330].

Most recently, the algorithm has been extended to identify strongly boosted A — 7 decays, which can
have a similar signature in the detector as boosted Z — e e~ decays. Additionally, the algorithm now uses
a second neural network, called an adversary, which has been trained to infer the jet mass from the output
of the classifier network. The goal of this is to minimise the dependence of the classifier’s output on the
jet mass®. This work was done in collaboration with a group from the Edinburgh School of Informatics,
which I recently initiated through a joint M.Sc. project [331].

This new algorithm has a wide range of potential applications in the field. For example, it could be used
in measurements of the Higgs bosons and Z bosons properties in kinematic regions that are not yet well-
explored. It can also be used in searches for heavy new particles that decay into Higgs bosons or Z bosons.
Furthermore, since the algorithm’s performance is decorrelated from the mass of the jet, it can also be used
to search for any highly Lorentz-boosted massive particle that decays into two photons or two electrons.
This could improve the sensitivity of searches for a wide range of exotic particles, such as axion-like parti-
cles [332], BSM Higgs bosons [269], radions [321], or massive dark photons [333].

$'The ability to decouple the performance of the identification algorithm from the jet mass makes it more widely usable, as it
prevents the algorithm from distorting the background mass spectrum. This is essential for background estimation techniques
that rely on fitting data in dedicated sideband regions and extrapolating the background shapes to the signal region.
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s Summary and Concluding Remarks

One of the main goals of the experiments at the LHC is to find and characterise BSM physics. A particu-
larly active area of research are direct searches for new di-boson resonances, which decay into pairs of bosons
such as hh, WW , W Z, ZZ, Zh, W h, or 7. Searches for such new particles are well-motivated because
they are predicted in models that address some of the most fundamental open questions in particle physics,
such as the naturalness problem, baryogenesis, vacuum stability, dark matter, or the strong CP problem.

The discovered Higgs boson is the first example of a massive fundamental particle that decays into pairs
of bosons. The measurements of its properties provide another handle to probe for BSM physics. Such
indirect searches are an important complement to direct searches for new heavy particles. Therefore, mea-
surements of the Higgs boson properties are a high priority for the recently started Run 3 of the LHC and
for the high-luminosity phase of the LHC, as well as for future collider experiments.

In this thesis, a selection of recent results based on data from the ATLAS experiment at the LHC is pre-
sented, including both direct searches for new physics probing for resonant production of di-boson events
and indirect searches via studies of Higgs boson properties. These are results to which I gave leading contri-
butions, namely: searches for heavy vector bosons and pseudoscalars decaying to a vector boson and a Higgs
boson, searches for charged Higgs bosons decaying to a W boson and a Higgs boson, and combinations
of such searches, as well as measurements of Higgs boson production by gluon-gluon and vector-boson
tusion, and studies of Higgs boson properties in decays to W boson pairs in associated production with a
pair of jets. The corresponding journal publications are attached in Appendix B.

The di-boson resonance searches are based on 139 fb ™! of pp collision data collected by the ATLAS detector
during Run 2 of the LHC. These searches place strong constraints on common benchmark models such as
the Two-Higgs-Doublet Model and Heavy Vector Triplets. In the latter case, strongly coupled heavy vec-
tor bosons with masses up to 4.4 TeV are excluded at 95% CL. Statistical combinations are used to further
strengthen these constrains by performing likelihood fits that include results from di-boson, and di-lepton
resonance searches, and from searches for new particles decaying to pairs of quarks.

The Standard Model predictions were found to be consistent with the observations. However, in a few
cases small deviations were seen for certain mass values. One example is the search for W*Z — (Ful*o+
resonances, where an excess with a local significance of 2.8 has been found under the spin-o hypothesis at
a resonance mass around 375 GeV. Furthermore, low-mass di-photon resonance searches by ATLAS and
CMS have observed small excesses around 95 GeV with local significances of 1.70 [270] and 2.90 [334],
respectively. These results are currently causing some discussions in the community, as previous searches
for 7577 (2.60 by CMS) and bb (20 by LEP) resonances have also seen small excesses around similar mass
values [335].

In general, however one has to conclude that after more than a decade of searches at the LHC, no statisti-
cally significant signs for new physics have been found. Therefore, new particles must be either too heavy
or too weakly coupled to be detected with the currently available datasets, or they decay into non-standard
final states that have not been considered in searches up to now.

Multi-boson events from cascade decays of new heavy particles are promising examples of signal signatures

that have not yet been sufficiently studied. Such decays are predicted in models with extra dimensions or
models with an extended scalar sector. Searching for such decays is a natural extension of the existing di-
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boson resonance searches, and is supported by the recent observations of tri-boson processes such as W,

WZ~, Zvyy,and WWW.

The development of new and improved identification algorithms for the decays of strongly Lorentz-boosted
SM particles is crucial to extend the sensitivity of searches for multi-boson resonances and other new heavy
particles. The algorithm introduced in Section 4.6.4 significantly improves the efficiency of reconstructing
heavy particle decays into strongly collimated e*e™ or v pairs and offers a wide range of potential applica-
tions, from searches for exotic particles such as ALPs, BSM Higgs bosons, radions, or massive dark photons
as well as for measurements in the Higgs boson and Z boson production at high pr.

The importance of developing such new techniques is highlighted by the recent progress in identifying
strongly Loorentz-boosted h — c¢ decays. This decay mode was long thought to be inaccessible at the
LHC due to the overwhelming amount of backgrounds. However, the recent developments in machine
learning algorithms may make it possible to find this challenging decay mode after all. In fact, projections
from recent results of the CMS collaboration [336] suggest that a discovery could be feasible at the LHC.

Novel machine learning techniques are also becoming increasingly important in the design of analysis
strategies. An example is the di-boson resonance search presented in Section 4.3, which use boosted deci-
sion trees (BDTs) to identify charged Higgs boson decays in a complicated final state with a charged lepton,
missing transverse momentum and several jets. Another example are unsupervised learning techniques that
can be trained on data to select events with anomalous properties, as presented in Section 4.4.

The Higgs boson properties are highly sensitive to BSM effects, as new particles can contribute to the Higgs
boson production or decay via loop processes. These contributions can lead to an enhancement of the
Higgs boson production cross section and to modulations of the angular distributions of particles pro-
duced either in association to the Higgs boson or in its decay. Such studies are sensitive to effects of new
particles with masses far beyond the LHC energy scale.

The Higgs boson couplings to gauge bosons play a crucial role in several indirect searches for new physics.
Examples are searches for CP-violation in Higgs boson production in association with two jets and studies
of the Higgs boson couplings to longitudinally and transversely polarised vector bosons. Another example
are measurements of differential Higgs boson production cross sections in i — W W™ decays, where the
high-transverse-momentum regions are expected to be particularly sensitive to new physics effects.

The Higgs boson property measurements in the production with at least two associated jets are based on
36.1fb™! of pp collision data collected by the ATLAS detector during the 2015 and 2016 runs of the LHC.
These searches place first constraints on the CP properties of the effective Higgs-gluon coupling and on
polarisation-dependent coupling strengths. As the results are limited by statistical uncertainties, signifi-
cant improvements are expected when the studies are repeated using combined datasets from Run 2 and

Run 3 of the LHC.

The measurement of Higgs boson production in & — WW* decays is based on 139 fb~* of pp collision
data. The cross section times decay branching ratio is determined with a precision of 12% for the ggF
production mode and with a precision of 23% for the VBF production mode. All measurements were
found to be consistent with the SM predictions. Furthermore, they are no longer statistically limited, which
is why future measurements will rely heavily on improvements in the modelling of signals and backgrounds.
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The sensitivity to searches for heavy resonances and measurements of Higgs boson properties in extreme
phase space regions will increase significantly with the final datasets from the ongoing Run 3 of the LHC
and of course from the HL-LHC phase, which will provide around twice and twenty times more statistics,
respectively. Also, the upgrade of the ATLAS detector for the upcoming Run 4 of the LHC will allow
for improvements of di-boson resonance searches and Higgs boson property measurements. For exam-
ple, extended tracking acceptance in the forward direction will enhance the sensitivity to the b-associated
production mode of heavy scalars, and significantly improve measurements of Higgs boson properties in
associated production with a jet pair by helping to reduce background contributions from tt events.
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A Related Scientific and Academic Activities

A.1 Contributions to the efforts of the ATLAS collaboration

Over the past few years of my habilitation, I have built a strong profile in the field of particle physics by
leading eight different analysis efforts of the ATLAS collaboration and by contributing significantly to sev-
eral others.

In particular, I have worked on searches for new heavy particles decaying into top-quark pairs [337, 338],
pairs of vector bosons [316, 339], or a vector boson and a Higgs boson [190, 299]. I have also worked on
searches for anomalies in the Higgs boson production process [107], and measurements of Higgs boson
properties [103, 104, 105, 111]. Additionally, I have made essential contributions to the development and cal-
ibration of flavor-tagging algorithms [s2, 55, 340, 341], the development of improved simulations of vector
boson or Higgs boson production in association with jets [342], and to the development of an algorithm
dedicated to the reconstruction and identification of highly boosted Z — eTe™ [328,330] and b — 7y

decays [331].

This work led so far to 17 journal publications, 17 conference notes, and 6 public notes®*. My strong con-
tributions in the field have been acknowledged by several invitations to give high-profile presentations at
national and international conferences. Since the beginning of my habilitation, I gave the following public
presentations:

* Invited by the ATLAS Speaker Committee:

— “Searches for neutral heavy Higgs bosons decaying into a diboson system” [343] presented at
the Higgs 2020 conference.

— “Search for heavy resonances at the LHC” [344] presented at the Particles and Nuclei Interna-
tional Conference 202.1.

— “Searching for new symmetries in the Higgs sector with the ATLAS detector” [345] presented
at 8th Symposium on Prospects in the Physics of Discrete Symmetries.

— “Overview of ATLAS and CMS results at the LHC” [346] presented at the IAS2024 confer-
ence.

¢ Invited by the Organising Committee of the corresponding conference:

— “Direct searches for new resonances in multi-boson events” [347] presented at the Multi-Boson
Interactions 2021 conference.

— “Searches for new scalar particles at the LHC” presented at the DPG Spring Meeting in Hei-
delberg 2022.

Furthermore, I developed my leadership and managment skills by accepting various coordination roles
within the ATLAS collaboration. I have been the coordinator for three working groups dedicated to the cal-
ibration of flavour-tagging algorithms (April 2018 - January 2020), the search for resonances decaying into
pairs of bosons® (October 2019 - October 2021), and the development and calibration of photon identifica-
tion algorithms (since October 2023). These coordination roles involved steering the various data analysis

5*This series of notes covers mostly results using simulated data and interpretations of data analyses.
$This group performs searches for heavy Higgs bosons, heavy vector bosons, and other exotic particles.
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efforts and editorial work for the corresponding publications. Another responsibility was to communi-
cate new developments in the collaboration to the various analysis teams. In total, I was responsible for a
dozen analysis teams with about 150 international researchers. In total, these efforts have led to ten pub-
lications [181, 183, 185, 187, 189, 199, 299, 300, 348, 349]. Between September 2021 and September 2024, I
was the coordinator for Higgs-physics of the german ATLAS community. This role involves the review
of presentations for national conferences and the writing of research summaries for the German funding
agencies. In addition, I have been planning the scientific programme for several ATLAS workshops and
topical meetings focusing either on the flavour-tagging techniques or the search for new heavy resonances.

I have gained high visibility as an expert reviewer for the ATLAS Higgs physics and Higgs and Diboson
Search working groups. In these roles, I am regularly reviewing conference talks and documentation of
other collaboration members. I have also chaired several editorial boards within the ATLAS collaboration.
In this context, I lead the review of analyses focusing on the calibration of flavour-tagging algorithms [49]
and searches for exotic Higgs boson decays into axion-like particles.

A.2  Supervision of students

Supervising students is one of the most favorite aspects of my job. I enjoy supporting young people in their
and development into independent researchers. To help my students succeed, I create an inclusive and
open working environment.

I believe that successful supervision requires a high level of commitment to the student’s advancement and
awillingness to be flexible. When working in large collaborations such as ATLAS, gaining visibility is one of
the biggest challenges for students. As a mentor and supervisor, I strive to give my students ample opportu-
nities to present their work to the working group from an early stage in their research careers. By assigning
them tasks that will make a significant contribution to the overall research progress, I help them establish
themselves in the collaboration and the international particle physics community. Under my supervision,
the students have made crucial contributions to numerous publications of the ATLAS collaboration.

Over the past years I have been a mentor and daily supervisor to several bachelor, master, and Ph.D. stu-
dents. I have been responsible for finding and formulating their thesis topics, the steering of their data
analysis efforts, and their thesis writing. During my habilitation, I have supervised the following Ph.D.,
M.Sc, and B.Sc. projects:

¢ Ph.D. theses:
— “Searches for new resonances decaying to a Higgs and a vector boson with the ATLAS detector
at the LHC” [240], accepted in July 2021.

— “Search for heavy Zh and Wh resonances in 13 TeV proton-proton collisions with the ATLAS
detector at the LHC” [246], accepted in December 2021.

— “Search for charged Higgs bosons with the ATLAS detector at the LHC”, since November

2021.
* M.Sc. theses:
— “Search for Charged Higgs Bosons in H* — TW*h Decays with the ATLAS Detector” [268],

accepted in July 2021.
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* B.Sc.

“A new algorithm for the identification of boosted Z — eTe™ decays for heavy resonance
searches with the ATLAS detector at the LHC" [330], accepted in November 2022.

“Identification of highly boosted i — 7y decays with the ATLAS detector using deep neural
networks” [331], accepted in September 2023.

“Feasibility Study to Search for Higgs Boson Decays to Gluons at the LHC Using Machine
Learning”, accepted in August 2024.

theses:

“Identification of boosted Z — e*e™ decays using a machine learning approach”, accepted
in September 2020.

“Search for charged Higgs bosons with the ATLAS detector at a center of mass energy of 13
TeV at the LHC?, accepted in September 2020.

“Suche nach geladenen Higgs-Bosonen in £v/¢vbbbb-Endzustinden mit dem ATLAS-Detektor
am LHC unter Einsatz von Machine-Learning-Methoden”, accepted in March 2021.

“Search for Doubly Charged Higgs Bosons via the Vector Boson Fusion Production Mode”,
accepted in October 2021.

“Background rejection studies to improve the search for CP violation in the effective Higgs-
gluon coupling”, accepted in October 2022.

"Identification of highly boosted H — gg decays using deep neural networks”, accepted in
November 2023.

A.3 Teaching at TU Munich

In addition to the supervision of the research of Bachelor, Master and PhD students, I took responsibilities
in the physics-education programme at the TU Munich through the following activities:

* Preparation and supervision of a seminar course on “Physics at the Large Hadron Collider” (winter
semester 2019/2020 until winter semester 2021/2022)

* Supervision of tutorials accompanying the lecture course “Testing the Standard Model of Elemen-
tary Particle Physics I” (winter semester 2019/2020)

* Supervision of tutorials accompanying the lecture course “Testing the Standard Model of Elemen-
tary Particle Physics II” (summer semester 2020)

* Lecturer of the course “Testing the Standard Model of Elementary Particle Physics I” (winter semester
2020/2021)

* Lecturer of the course “Testing the Standard Model of Elementary Particle Physics II” (summer
semester 2021)
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A.4 Public outreach engagement

Over the past few years, I have contributed to numerous outreach activities as a lecturer and supervisor,
engaging young students in particle physics. For example, I have been involved in the international CERN
masterclasses organised by the International Particle Physics Outreach Group, and the national master-
classes organised by the “Netzwerk Teilchenwelt”. These two projects give high school students the oppor-
tunity to learn about particle physics and to participate in hands-on data analysis sessions. Furthermore, I
organised and led two workshops on assembling self-made cloud chambers. The first workshop was held
at the Max-Planck Institute during a Girls’ Day event, and the second workshop was held at a high school
in Ingolstadt. I have also visited high schools to support other projects, such as the CERN “Beamline for
Schools” competition. In this competition, I helped a small group of students design an experiment and
write a project proposal for that experiment.

On another occasion I participated in the CERN project weeks organised by the “Netzwerk Teilchenwelt”,
where I supervised a high school student for two weeks at CERN. During this time, the student conducted
initial studies on a machine learning-based identification of strongly Lorentz-boosted Z — e*e™ decays.
The student later entered the regional youth science competition “Jugend forscht” and won in the special
category “Sonderpreis Technologie” of the Bavarian Academy of Sciences.

On the occasion of the 1oth anniversary of the Higgs boson discovery, I gave a public lecture on the Higgs
boson as part of the “Café & Kosmos” series organised by the Excellence Cluster ORIGINS [350].
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B Selected Publications

The following publications are the core of my habilitation work:

* “Constraints on Higgs boson properties using WW*(— evuv)jj productionin 36.1 fb™! of /5 =
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