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1. Introduction

While describing a vast amount of data with excellent precision, the Standard Model (SM) of particle physics leaves
many questions open, many of which are at the core of the actual particle physics search strategy, as also discussed
in Refs. [1,2]. The Large Hadron Collider (LHC) [3] at CERN stands at the forefront of particle physics investigation,
providing a wealth of collision data and unprecedented centre-of-mass energy. During Run 2, from 2015 to 2018, 140 fb~!
of /s = 13 TeV proton-proton collision data were collected by the ATLAS experiment. These data were thoroughly
scrutinized by the ATLAS Collaboration to search for hints of physics beyond the SM (BSM), as summarized in this report.
The diagram in Fig. 1 provides a graphical representation of how the different search topics briefly introduced below and
covered in this report fit with some of the open questions of the SM and within its structure.

The fermionic sector of the SM is rather well known, the last piece of the puzzle falling into place in 2000 with the
observation of the tau neutrino by the DONUT Collaboration [4]. There are however remaining questions concerning the
known fermions. Their three-generation structure is not explained in the SM; it is thus tantalizing to question whether
these fermions are really fundamental or if they could instead be composed of even smaller constituents whose rules of
assembly could explain the lepton and quark families. This compositeness could be evinced by searches looking for excited
fermionic states. The SM is also silent on the neutrino masses, assuming they are identically zero. Are the tiny neutrino
masses simply due to seemingly unnaturally small Yukawa couplings, or are they explained by mechanisms involving
additional heavy neutral leptons? Multiple final states can be probed in searching for these heavy neutrino partners and
their eventual associated BSM particles.

But besides these questions, is the structure evoked above even complete? Additional lepton- or quark-like states may
exist; while adding additional chiral ones is heavily disfavoured, vector-like fermions can be more easily accommodated
by existing constraints as their masses is not linked to the Higgs mechanism. An extensive search program targeting
their production, either alone or in pairs, has been carried out. Particles carrying both baryon and lepton numbers, the
leptoquarks, are also postulated by some BSM theories trying to explain the similarity between the lepton and quark
sectors of the SM. Like the vector-like fermions, they can be singly or pair produced and their searches cover a broad set
of final states.

Similar considerations also apply to the gauge sector of the SM: while it describes well the known interactions, the
set of gauge groups could be enlarged, predicting new vector bosons, like the Z’ and the W’, interacting with the SM
particles. Depending on their masses and decays, resonant and non-resonant searches for such states can be conducted.
The Z boson decays have also been investigated to search for signs of charged-lepton flavour violation and searches for a
Z’' in the same final states have also been made.

New gauge interactions, or interactions through the Higgs boson could also connect the SM particles to an entire sector
of BSM that remains ‘dark’. These new particles would be hidden from the interactions of the SM and interact with it only
through a heavy or feebly coupled mediator. This could lead to peculiar signatures of long-lived neutral particles. Such
dark sector theories and others predicting weakly interacting massive stable particles can provide candidates to explain
the nature of dark matter. The possibility of producing dark matter candidates at the LHC, through the mediators that
would connect them to SM particles, has led to the development of a vibrant research activity covering many final states.
Long-lived particles could also be electrically multi-charged, or highly ionizing particles such as magnetic monopoles could
exist, leading to very exotic signatures that can be probed in ATLAS.

Finally, various theories try to explain the smallness of the gravitational coupling compared to the electroweak scale as
an artefact of extra dimensions. They can predict gravitons and quantum black holes which are also the focus of dedicated
searches.

Besides the searches for these exotic phenomena, searches for supersymmetry or additional Higgs bosons, as well
as precision measurements of SM particles and their interactions, have also been pursued and are reviewed in other
reports [5-9]. A similarly broad search and measurement program has also been pursued with the Run 2 proton-proton
collision data by the CMS Collaboration and is documented in other reports [10-15].

This report is organized as follows. After Section 2, which introduces the common methods and tools used in the
analyses, each of the topics discussed above is covered in a dedicated section, showing how the ATLAS Collaboration
analysed the Run 2 data in its quest for answers. The compositeness hypothesis has been probed for quarks and leptons
and is addressed in Section 3, while searches for heavy neutral leptons are discussed in Section 4. Sections 5 and 6
summarize the searches for vector-like quarks and leptons, and for leptoquarks, respectively. Section 7 reviews the
resonant and non-resonant searches for Z’ and W’ gauge bosons. The searches for charged-lepton flavour violation in
Z or Z' decays are discussed in Section 8. Sections 9 and 10 review the searches for long-lived neutral particles coming
from hidden sectors and for dark matter candidates, respectively. Analyses looking for multi-charged and highly ionizing
particles have also been conducted, as discussed in Section 11. Finally, Section 12 reviews the searches for gravitons and
quantum black holes, and a summary is given in Section 13.
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Fig. 1. Graphical representation of the different search topics covered by this report and their relationship with some of the open questions in the
SM.

2. Tools and methods
2.1. The ATLAS detector

The ATLAS detector [16] at the LHC covers nearly the entire solid angle around the collision point.! It consists of an
inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic and hadron calorimeters, and a
muon spectrometer incorporating three large superconducting air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2T axial magnetic field and provides charged-particle tracking in
the range |n| < 2.5. The high-granularity silicon pixel detector covers the vertex region and typically provides four
measurements per track, the first hit normally being in the insertable B-layer (IBL) installed before Run 2 [17,18]. It
is followed by the silicon microstrip tracker (SCT), which usually provides eight measurements per track. These silicon
detectors are complemented by the transition radiation tracker (TRT) which is made of straws filled with a Xenon- or
Argon-gas-based mixture and which enables radially extended track reconstruction up to || = 2.0. The TRT also provides
electron identification information 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 || < 3.2, electromagnetic
calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr) calorimeters, with an additional thin
LAr presampler covering |n| < 1.8 to correct for energy loss in material upstream of the calorimeters. Hadron calorimetry
is provided by the steel/scintillator-tile calorimeter, segmented into three barrel structures within |n| < 1.7, and two
copper/LAr hadron endcap calorimeters. The solid angle coverage is completed with forward copper/LAr and tungsten/LAr
calorimeter modules optimized for electromagnetic and hadronic energy measurements respectively.

Surrounding the calorimeter system is the muon spectrometer (MS), which comprises separate trigger and high-
precision tracking chambers measuring the deflection 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 6.0 T m across most of the detector.

1 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 x-axis points from the IP to the centre of the LHC ring, and the y-axis points upwards. Polar 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 6 as n = — Intan(6/2).

Angular distance is measured in units of AR = /(An)? + (A¢)2.
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Three layers of precision chambers, each consisting of layers of monitored drift tubes (MDT), cover the region |n| < 2.7,
complemented by cathode-strip chambers (CST) in the forward region, where the background is highest. The muon trigger
system covers the range |n| < 2.4 with resistive-plate chambers (RPC) in the barrel, and thin-gap chambers (TGC) in the
endcap regions.

Interesting events are selected by the first-level trigger system implemented in custom hardware, followed by
selections made by algorithms implemented in software in the high-level trigger [ 19]. The first-level trigger accepts events
from the 40 MHz bunch crossings at a rate below 100 kHz, which the high-level trigger further reduces in order to record
events to disk at about 1kHz.

An extensive software suite [20] is used in data simulation, in the reconstruction and analysis of real and simulated
data, in detector operations, and in the trigger and data acquisition systems of the experiment.

2.2. Data and Monte Carlo samples

The analyses described in this report, when not specified otherwise, are based on the full Run 2 dataset collected by
ATLAS between 2015 and 2018. The data sample is selected by requiring good conditions for the beams and the ATLAS
detector and corresponds to an integrated luminosity of 140.14 1.2 fb~! [21], with some analyses included in this report
using a preliminary value of 139.0 +2.4 fb~! [22]. Various triggers are used to select the data, depending on the analysis.
For example, the lowest unprescaled-trigger thresholds during Run 2 were at a pr of 420 GeV for a single small-R jet [23],
140 GeV for a single photon [24], and varied between 20 and 26 GeV for a single electron or muon [25], while the lowest
unprescaled-trigger threshold for missing transverse momentum varied between 70 and 110 GeV [26].

Monte Carlo (MC) samples, which are used to model signal and background events, were produced using a variety of
generators, depending on the process of interest. For the signal samples, unless specified, the generator used was either
PYTHIA 8 [27,28], MADGRAPH5_AMC@NLO [29] or PowHEG Box[v2] [30-32], with PyTHIA 8 being used in all cases to model
the parton shower, hadronization and underlying event. The decays of b- and c-hadrons were performed consistently
with the EVTGEN 1.2.0 decay package [33], except for processes modelled using SHERPA [34]. To account for additional
proton-proton interactions (pile-up) in the same and neighbouring bunch crossings, a number of inelastic pp interactions,
generated with PyTHIA 8.186 using the NNPDF2.3Lo PDF set [35] and the ATLAS A3 set of tuned parameters [36],
were superimposed on the hard-scattering events. The simulated events were weighted so that the distributions of the
average number of collisions per bunch crossing in simulation match those in data. The generated MC samples were
passed through either a full ATLAS detector simulation [37] using GEANT4 [38] or a fast simulation which relies on a
parameterization of the calorimeter response [39]. The simulated events were weighted so that the distributions of the
average number of collisions per bunch crossing in simulation match those in data and are processed with the same
reconstruction algorithms as data.

2.3. Object reconstruction and identification

Various algorithms are used to reconstruct the objects in the events. They were improved during Run 2, bringing better
identification efficiency, background rejection, measurement accuracy or precision. Object reconstruction algorithms used
in most analyses discussed in this report are reviewed briefly here.

Tracks

Track reconstruction [40,41] in the inner detector is seeded from combinations of hits found in the pixel and SCT
detectors. These seeds are used to initiate a search for additional hits along the track candidate’s trajectory in an iterative
procedure using a Kalman filter. Since hits can be shared by multiple tracks, an ambiguity-resolving step then follows,
and the remaining tracks are then extrapolated to the TRT detector to form an ‘inside-out’ track collection. An ‘outside-in’
reconstruction is also available, which instead extrapolates TRT track segments back into the silicon detectors, using silicon
hits that were not selected by the inside-out algorithm. Tracks are required to have a transverse momentum pr > 0.5 GeV,
In] < 2.5, and an origin compatible with the interaction region, ensured by imposing constraints on their transverse (dp)
and longitudinal (zp) impact parameters. They must also satisfy good-quality criteria related to their number of silicon hits
(or missing silicon hits, when some hits are expected but not seen along their trajectory). This algorithm is not efficient
in reconstructing tracks from the highly displaced vertices predicted in some models of exotic long-lived particles. A
dedicated large-radius tracking (LRT) algorithm is employed in these cases: it uses as inputs the hits omitted by standard
tracking algorithms and imposes looser requirements, notably on dy and zq [42].

Vertices

From the collision vertices, whose iterative-reconstruction seed positions are based on the beam spot position and
which are reconstructed from at least two tracks, the primary vertex [43] is selected as the one with the highest X p;? of
the associated tracks. Analysed events are required to possess a primary vertex (PV).

Jets

Jets, made of collimated showers of hadrons, are reconstructed in the detector by using algorithms that seek to
identify them by clustering together different types of inputs. Input constituents considered in jet reconstruction can be
inner-detector tracks, calorimeter energy deposits, or a combination of these. The calorimeter energy-deposit inputs are
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called topological clusters; they are formed as groups of contiguous calorimeter cells with an energy deposit significantly
above the noise level [44]. The algorithm most commonly used by ATLAS in Run 2 is the particle-flow algorithm, which
exploits both types of constituents [45]: to improve the accuracy of the charged-hadron measurement, this algorithm
computes their momenta from inner-tracker information only, and retains the calorimeter energy-deposit measurements
for the determination of neutral-particle energies. These constituents are in turn grouped into jets using the anti-k;
algorithm [46,47] with either a small (R = 0.4) or large (R = 1.0) radius parameter value. While the small-R jets are
commonly used by analyses concerned with quark- and gluon-initiated jets, large-R jets are usually considered for so-
called boosted topologies, where the decay products of a W/Z/H boson or a top quark are collimated. The jets’ energies
and directions are then corrected by a calibration procedure [48]. In special cases, a variable-R algorithm [49] is also
employed, in which the radius parameter’s value depends on the pr of the constituents being clustered. A different type
of jet is used in some analyses to take advantage of boosted topologies without having to explicitly reconstruct large-R
jets from low-level inputs. They are called reclustered jets and are constructed by the anti-k; algorithm, using small-R
jets as inputs.

Jets compatible with noise bursts, beam-induced background or cosmic rays are usually discarded [50], and to reduce
the effect of pile-up interactions, a jet-vertex-tagger (JVT) algorithm is usually applied to track information to select jets
originating from the PV [51].

b-tagged jets

Jets originating from b-quarks can be tagged by exploiting the long lifetime of b-hadrons. A multivariate algorithm
[52-54] is used, based on the impact parameters of displaced tracks and the properties of vertices in the jets. Operating
points are defined for different targeted efficiencies as measured in simulated tt samples.

Large-R jet tagging

Jets originating from heavy resonances (top, W, Z or H) decaying into hadrons can be identified as such by using a
variety of techniques based on substructure information. In the case of top-tagging, a deep neural network (DNN) [55]
that uses a large number of jet-substructure variables as input is often employed, with operating points defined similarly
to those for b-tagged jets.

Photons

Photons can reach the calorimeters directly or convert into e™e~ in the material composing the detector. They are
reconstructed [56] from clusters of energy deposits in the electromagnetic calorimeter, along with information from inner-
detector tracks which is used to classify them either as converted, if the cluster is matched to a reconstructed conversion
vertex, or as unconverted, if there is no match between the cluster and a conversion vertex or an electron track. Based on
observables which reflect the shape of the electromagnetic shower in the calorimeter, loose or tight identification criteria
are used to separate the photon candidates from background. Isolation criteria based on calorimeter and/or inner-detector
information are also applied to avoid contamination such as from neutral-hadron decays into almost-collinear photon
pairs.

Electrons

Electrons are reconstructed by matching a cluster of energy deposits in the electromagnetic calorimeter to an inner-
detector track which is identified as originating from the primary vertex via impact parameter selections [57]. Loose,
medium or tight identification criteria based, for example, on the cluster’s shape are applied depending on the desired
levels of purity and background rejection [56].

Muons

Muon reconstruction is usually based on the presence of a PV-compatible inner-detector track that is matched to a
track reconstructed in the muon spectrometer. The two tracks are combined to better determine the muon kinematics [58].
Identification criteria are applied, with their tightness depending on the targeted signal-to-background ratio.

For both electrons and muons, a veto is usually imposed on the nearby presence of additional significant calorimeter
energy deposits and/or tracking activity: these isolation selections aim to remove non-prompt leptons coming, for
example, from heavy-flavour decays.

Tau leptons

Hadronically decaying t-leptons (th.q) are reconstructed from energy clusters in the calorimeters that are matched
to inner-detector tracks [59-61], according to any of five categories: one matched track with zero, one or more neutral
particles; and three matched tracks with zero or more neutral particles. Selections are then made on the reconstructed
electric charge of the t-lepton, which must have an absolute value of one, and on the output score of an identification
algorithm based on a recurrent neural network [62]. Leptonically decaying r-leptons are usually identified as muons or
electrons.

Missing transverse momentum

The missing transverse momentum E{“iss is defined as the magnitude of p;“iss, which is the negative vectorial sum of
the transverse momenta of the objects identified in the event, including a so-called soft term which takes into account
the remaining soft particle tracks from the PV which are not matched to any object [63]. When only a subset of objects
is used and no soft term is added, the E™* is denoted by HI™S.
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The missing transverse momentum’s significance, Sgmiss, is a variable which can be used to discriminate between the
T

events in which the reconstructed E{“‘SS originates from weakly interacting particles and the events in which the E{"iss is
consistent with resolution effects and inefficiencies in particle measurements. The value of Sgmiss can be approximated by
T

E{"iss/«/HT (event-level significance), where Hr is the scalar sum of the transverse momenta from all the reconstructed
objects, or can be computed in a more detailed way (object-level significance) by considering the expected resolution and
mismeasurement likelihood of all the objects that enter the Ef"** reconstruction, as detailed in Ref. [64].

2.4. Useful kinematic variables

Kinematic variables are used to increase the signal-to-background ratio or to preferentially select some types of
backgrounds in order to study them in more detail. Some of them are used by multiple analyses discussed in this report
and are therefore briefly described here. For a more detailed review, see for example Ref. [65].

Invariant masses

The invariant mass of a two-body system, myy (where X and Y can be jets (j), b-tagged jets (b), top-quark candidates
(t), light charged leptons (¢ = e, ) or photons (y ), for example), is especially useful when resonances are expected. Since
t decays involve at least one neutrino, the collinear approximation (which is well realized at large momenta) is normally
used: the neutrinos produced in the T decays are assumed to travel in the same direction as the visible T-decay products
and to be the only source of Ef"**, providing information to estimate the pr of the r-lepton and making it possible to
compute a collinear invariant mass, m{. When reconstructing the mass of a resonance decaying into a pair of z-leptons,
a technique called the missing mass calculator (MMC) [66] is sometimes used. This technique is based on the maximization
of a likelihood that replaces the assumptions of the collinear approximation with a requirement that the decay products
are consistent with the mass and decay kinematics of a t-lepton. This accurately reconstructs the mass of the original
resonance without the limitations of the collinear approximation.

Transverse masses A ‘
When part of the decay consists of Ef"**, computing the transverse mass of the visible object X and the E{"* can be

helpful: mr(X, E{“iss) = \/ Zp)T‘E{“iSS(l — Cos ¢XE¥1iss). The mr(¢, E{"iss) variable can be particularly helpful in discriminating

against the presence of a leptonically decaying W boson from W +jets or tt background processes. The leptonic stransverse
mass, mr, [67,68], is instead based on two visible leptons and E7"**. It assumes that the leptons come from the two-body
decay of a pair of identical particles into a visible one and an invisible one. For dileptonic ttevents, the mr, distribution has
an endpoint at the W boson mass, while higher values are expected for the signal. The leptonic asymmetric stransverse
mass [69,70], amp,, is a variation on mry, and is based on one lepton only and can be used to reduce the background
from dileptonic ttevents in which one of the leptons is missed. The contransverse mass (mcr) [71] can also be used in the
search for heavy pair-produced particles decaying semi-visibly and to reduce of the ttbackground.

Scalar sums of transverse momenta ) _

The scalar sum of the transverse momenta of some objects (denoted by SS™* or H™* below, with the objects
considered specified) can also be useful in discriminating between more energetic signal events and the background.
When this sum runs over all selected objects and also includes the E{“iss value, it is called the effective mass, me¢, because
it would be correlated with the mass scale of the initially produced heavy ‘beyond the SM’ (BSM) particles whose decay
would have led to the measured objects.

2.5. Analysis strategy

For each analysis, one or more signal regions (SRs) are defined by a set or sets of event selections that usually optimize
the statistical significance of the signal relative to the expected background. A SR can be defined as a list of requirements on
reconstructed objects or kinematic variables, or be based on the output of more sophisticated machine-learning algorithms
taking these as inputs. Although machine-learning techniques have been used for quite some time in particle physics, their
use has increased recently, helping to improve object tagging and signal event selection, as reviewed in Ref. [72]. Once a
SR is defined, a reliable way to estimate the expected background along with its associated systematic uncertainties must
be devised. Only when this full strategy is in place is the data in the SR unblinded to perform the actual search. There are
several ways to estimate the background in a given SR, the choice of method depending on the process of interest and the
expected associated uncertainties: using MC simulations only, which is often chosen for sources of background which are
expected to contribute only a small proportion of the events in the SR; using MC simulations of events whose yields or
distribution shapes are corrected to data in control regions (CRs), a selection of events orthogonal to the SR where a given
type of background is enhanced relative to the others and the signal contribution is expected to be small; or in a fully data-
driven way, especially useful for events whose simulation might be difficult or unreliable. Validation regions (VRs), which
are selected to be close but orthogonal to both the SRs and CRs and should have small expected signal contributions, are
also defined sometimes in order to validate the background estimation strategy prior to the unblinding. Some common
data-driven background estimation methods used by multiple analyses presented in this report are described in more
detail below.
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If the signal is expected to peak over a smooth SM background distribution, such as in searches for narrow resonances in
an invariant-mass distribution, the background in the SR can often be estimated directly, by fitting a parametric function
to the data itself [73]. The functional form chosen for the fit of the background should minimize the number of free
parameters while being flexible enough to minimize a spurious signal (the number of signal events extracted from a
signal-plus-background fit performed on a background-only distribution) and allowing a signal to be extracted if present.

Another data-driven technique is known as the ABCD (or 2D-sideband) method. In the most straightforward imple-
mentation of the ABCD method, the background in the targeted signal region, A, is estimated from the amounts of data in
three contiguous control regions, B, C, and D. Regions B and D are each built by inverting one of the selection criteria used
to define the signal region. In contrast, region C is built by inverting both of these criteria simultaneously. The method
relies on the assumptions that the two criteria used in constructing the regions are uncorrelated for background events
and that the signal contamination in the control regions is minor. If this is the case, then the background in the SR, A, can
be predicted from the background-enriched regions via Nx = Np x Ng/Nc.

The contribution from fake objects in the SR, such as a jet being falsely reconstructed as a lepton, a t-lepton or a photon,
can be evaluated in a fully data-driven way via two different methods: the matrix method and the fake-factor method [74].
In the matrix method, the numbers of targeted objects (e.g. leptons) in the SR passing the nominal identification or
a loosened identification are counted separately. They are linked to the numbers of true or fake targeted objects by a
matrix of the efficiencies for a true or fake object to satisfy the loosened or nominal criteria, which can be measured in
dedicated data CRs. Inversion of this matrix can thus provide an estimate of the number of fake objects in the SR. In the
fake-factor method, the probability of a fake object to pass the SR identification requirements, derived in a fake-enriched
CR, is applied to events found in a region similar to the SR but in which the object identification requirements are relaxed.

2.6. Statistical interpretation

In order to test for the presence of new physics, templates for both the background and signal, obtained through
MC simulations or data-driven methods, are compared with the data. Unless indicated otherwise, a binned maximum-
likelihood fit is used, while the variable (or variables) being fitted depends on the specific analysis. Several regions may be
fitted simultaneously, including the signal regions and control regions. Systematic uncertainties are included as nuisance
parameters [75] with either log-normal or Gaussian constraints.

When no significant deviation from the expected background is observed in a search, constraints on various signal
models that would produce an excess are extracted at 95% confidence level (CL) using the CLs; method [76] with a profile
likelihood ratio as the test statistic. The asymptotic approximation to the test statistic’s distribution is usually assumed [77]
when extracting expected limits, except in cases where it is seen to fail (e.g. due to low statistical precision), in which
case pseudo-experiments are generated.

3. Compositeness

In pursuit of the elementary constituents of matter, physicists since the late 1800s have delved into matter at
progressively smaller scales, proving that what were at first deemed elementary, in turn atoms, nuclei and nucleons,
were in fact composed of even smaller constituents. The SM currently considers, in line with the experimental results so
far, that the leptons and quarks are indeed the elementary particles, but could their three generations be explained by yet
smaller constituents? — i.e. could they too be composite? With the unprecedented centre-of-mass energy of the LHC, it is
indeed possible to probe even smaller scales in order to see whether they have an internal structure. A tell-tale signature
of compositeness would be the existence of excited states at higher masses [78]. These excited states could be produced
at the LHC through known gauge interactions (GI), for example the production of an excited quark g* through a gluonic
excitation qg — g*, or through a four-fermion contact interaction (CI), for example the production of an excited lepton
£* though qq — ££*. The decay of these excited states can proceed in similar ways: through a GI (e.g. ¢* — gq, ¢* — yq
or £{* — Wv), or through a CI (e.g. £* — qq{ or ¢* — qqq). The limits obtained are summarized in Table 1.

3.1. Excited quarks

The existence of a g* in the GI model could be revealed by observing a resonance of the type ¢* — gq in the dijet
invariant mass distribution, i.e. a peak above the smoothly falling QCD multijet background. A search for such excited
quarks was performed [79] by scanning the mj; distribution from 1.1 to 8 TeV. The lower bound on mj; is motivated by
the fact that the events must pass the trigger selection, which requires a single, high-pr small-R jet, and that lower values
of mg+ were excluded in Run 1 [80] or by previous experiments [81]. Events are further selected by requiring two small-R
jets with pr > 150 GeV, separated by an azimuthal angle of at least A¢(ji,j.) = 1.0 and a rapidity difference of at most
¥* = (¥j; —¥j,)/2 = 0.6. This selection was used to search inclusively for excited quarks, and a specific search for excited
b-quarks was also performed. The latter also requires the presence of at least one b-tagged jet and imposes a || < 2.0
requirement on each of the two jets, but allows y* values up to 0.8.

The signal model assumes that the excited quarks are spin-1/2 particles, have the same couplings as SM quarks, and
that the compositeness scale is mg«. Two scenarios are considered: g* comprising both u* and d* or being only a b*. The
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Fig. 2. Distribution of mj in the inclusive search for excited quarks [79]. The vertical lines indicate the most discrepant mj; interval identified, for
which the p-value is stated in the figure. Two example q* resonances are also shown, with an enhanced cross section for visibility.

Table 1

95% CL lower mass limits obtained by various analyses on different excited
fermion (f*) models produced either by gauge interaction (GI) or contact
interaction (CI) for A = my« (see the text for more details).

Model Production mode Observed lower Section
limit on myg«
[TeV]

q* (q=u,d) GI 6.7 [79] 3.1

b* Gl 3.2 [79] 3.1

e* (36.1 b7 1) I 4.8 [82] 3.2

©* (Run 1) a 2.8 [83] 3.2

T* cl 46 [84] 3.2

SM background is dominated by QCD multijet events and is estimated in each bin by fitting a parametric function of
the type f(x) = p1(1 — x)P2xP3tP41"X i 3 sliding window over mj;. The uncertainty in the fitted parameters is taken as a
systematic uncertainty of the background estimation, along with an uncertainty concerning the choice of fitting function,
and another related to the amount of spurious signal. The mj; distribution is shown for the inclusive search in Fig. 2 for
the data and two examples of an excited quark signal.

Since no significant excess is seen, a lower limit on the excited quark’s mass is set at mg+ = 6.7 TeV in the inclusive
search, while for the specific b* search, the limit is set at 3.2 TeV. These correspond to compositeness length scales below
3.0 x 107> fm and 6.2 x 10> fm, respectively.

3.2. Excited leptons

Searches for excited electrons and muons have been performed by ATLAS, using a partial Run 2 dataset and the Run 1
dataset, respectively [82,83]. A more recent addition is a search for excited t-leptons, t*, assuming that they are produced
and decay through a CI, as shown in Fig. 3(a), leading to a final state comprising two t-leptons and two jets (the signal
model includes all the quark flavours that are kinematically allowed). These four objects are used to compute an St value
which is exploited in a search which focuses on hadronic t decays [84].

The analysis is based on a di-t trigger. The SR requires the events to have exactly two 14,4 of opposite electric charge
which are well separated in AR. There must also be at least two small-R jets with high pr and no reconstructed electron
or muon. The main background, Z(— tt)+jets, is suppressed by requiring mﬁ‘;l > 110 GeV. For each 1,4, the ratio of
the visible-decay pr to the total pr is usually positive for signal, while it can become negative for fake 7,4 because now
the E{“i” points in a random direction; requiring this ratio to exceed a minimum value reduces the fake-ty,q background.
Finally, the scalar sum of the pr of the two 7,4, denoted by Ly, is required to be larger than 140 GeV. The major remaining
backgrounds are Z(— t7)-+jets, ttand single-top events, and events with jets falsely reconstructed as Tpaq.

The Z(— rtt)+jets and top-related background yields are extracted using dedicated CRs. For the Z(— tt)+jets
background, the CR is built by requiring a Z-compatible mﬁ‘;l and inverting the selection on Lr. For the top-related events,
the CR requires one 14,4 with high pr up to 450 GeV, along with at least four jets amongst which two must be b-tagged,
and a large E™*S to avoid fakes. Finally, the fake-factor method is used to estimate the fake background. The main sources
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Fig. 3. (a) Production and decay of an excited t-lepton via a contact interaction with a compositeness scale A and (b) Sy distribution in the signal
region for data compared to the estimated background contribution with its uncertainty and an example signal (m. = 1.5 TeV, A = 10 TeV) with
a nominal signal strength (Exp.) and with the signal strength extracted from the fit to the data (Obs.) [84].

of systematic uncertainty in the final background estimation are the top-related background modelling and the t-lepton
energy scale.

As shown in Fig. 3(b), good agreement between the data and the estimated background is observed in the SR. A lower
limit is hence set on the excited t-lepton’s compositeness scale. For A = m.«, the limit obtained is at 4.6 TeV.

4. Heavy neutral leptons

The origin of the non-zero neutrino masses, brought to light by the observation of neutrino oscillations [85,86], is not
known. While Yukawa couplings can be invoked, their extremely small values compared to the other fermionic masses
appear unnatural. One solution is the seesaw mechanism, which introduces a neutrino mass matrix containing Majorana
mass terms and tiny neutrino mass eigenvalues which are due to the existence of heavier BSM particles. Several such
seesaw theories exist depending on their field contents [87], classified into Type-I with right-handed neutrinos, Type-II
with a scalar triplet, and Type-III with fermion triplets. Searches for heavy leptons in the context of these theories have
been performed in multiple final states [88-93], as reviewed in this section.

4.1. Type-I seesaw

In the Type-I seesaw mechanism, the heavy Majorana neutrinos N couple to SM particles through their mixing with
the light left-handed neutrinos of flavour @ = {e, u, t}, the size of the mixing being determined by the dimensionless
coefficient V,y.

Due to the Majorana nature of the heavy neutrino, a same-sign (SS) dilepton final state can be created, for example
in the scattering of W bosons, as shown in Fig. 4(a). This signature was exploited to search for these new particles
for non-zero values of V,y [88]. Besides requiring the presence of exactly two SS muons, the vector-boson scattering
(VBS) production signature is exploited by requiring two jets with a large rapidity separation and a high mj;. To reject
background events, b-tagged jets are vetoed and the E{“iss significance is required to be small. The SR is binned in
subleading-muon pr, and the shape of this distribution is exploited to enhance the sensitivity. The two main background
processes, VBS W*W%jj and WZ production, are estimated via CRs which reverse the E}“iss significance or third-lepton
veto requirement, respectively. The fake-muon background is evaluated with the fake-factor method. Since the data agree
with the background expectations within statistically dominated uncertainties, upper limits are set on |V,,y |2 as a function
of the heavy neutrino mass my, as shown in Fig. 4(c).

A complementary search is also conducted for lower values of my and |V,y|? [89], focusing on production via W — N,
where the heavy neutrino subsequently decaysas N — £gf, v, (viaaW*)orasN — vgf,f, (viaaZ*), wherea, B,y =e
or u (see Fig. 4(b)). For the low values of my and |V,y|? probed in this search, the heavy neutrino is long-lived, leading
to a displaced vertex (DV) of two charged leptons (£4¢, or £,¢,). The secondary vertexing is run on standard and LRT
tracks using a procedure drawing inspiration from Ref. [94] and requiring the selected DVs to have exactly two leptons
of opposite sign, and no additional tracks. The SR events are selected by requiring the presence of such a DV and one
additional prompt lepton ¢, with a combined invariant mass 40 < mpy,; < 90 GeV, and a reconstructed my below 20 GeV,
where the my calculation uses the known W mass, assumes massless charged leptons, and takes the N flight direction to
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Fig. 4. Examples (a, b) of the production and decay of the heavy neutrinos and (c, d) limits set on the heavy Majorana neutrino mixing element
|V,LN\2 (also shown here as \UH\Z) as a function of my in a Type-I seesaw mechanism by (a, c) the same-sign WW scattering search [88] and (b, d)
the displaced dilepton vertex search [89].

be the vector connecting the pp collision PV to the DV. Further selections are applied to suppress the cosmic-ray muon
background (by removing DVs with back-to-back muons), the ee background from interactions with material in the inner
detector (by removing DVs found in regions with detector material), the background from J/¥ or other heavy-flavour
decays (by setting a lower bound on mpy), the random-lepton-crossing background (by requiring the prompt lepton and
displaced lepton with the same flavour to have opposite charge), and the Z — ¢£ background (by removing events in
which the prompt lepton and the displaced lepton with the same flavour have a mass compatible with a Z boson). After
these selections, the random-crossing background dominates; it is estimated in a data-driven way by using a CR at higher
my and utilizing the fact that opposite-sign leptons and same-sign leptons should be equally probable in the DVs for this
source of background. In all the lepton flavour combinations probed, between 0.2 and 2.8 background events are predicted
in the SR, with 0 to 2 events observed in the data. Fig. 4(d) shows the excluded parameter space in the same plane as used
in the prompt heavier-neutrino search discussed above, illustrating the complementary coverage of the two analyses.

4.2, Left-right symmetric model

Type-I and Type-II models can also be included in larger left-right symmetric models (LRSM) [95-97] whose aim is
to explain the broken parity symmetry of the SM weak interaction. In these models, right-handed counterparts to the W
and Z bosons can be introduced along with the right-handed heavy neutrinos Ng. A search for such Majorana or Dirac
neutrinos and right-handed W gauge bosons (Wg) has been performed [90], looking for the Keung-Senjanovi¢ process [97]
with a semileptonic final state Wy — €Nr — €£qq’ (£ = {e, u}), as shown in Fig. 5(a). Majorana and Dirac heavy neutrinos
will differ in that the Majorana neutrinos will produce same-sign leptons half of the time. For m(Wg) > m(Ng), the Ng
decay products will be merged, due to a Lorentz boost, into a large-R jet. Two sets of SRs are therefore defined: one for
the resolved decay of the Ng, and one for the boosted regime.

In the resolved regime, different SRs are defined for opposite-sign (OS) or same-sign (SS) electron and muon pairs. Since
a high-mass Wk is targeted, high values are required for the pr of the two leading jets, their my;, and the Hr computed
from these jets and leptons. A high value of my, is also required, to suppress the Z+jets background, and, for SS leptons,
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Fig. 5. (a) Diagrams of the Keung-Senjanovi¢ process with different mass orderings and an off-shell Wy. (b) Limits obtained in the resolved and
boosted channels of the analysis searching for left-right symmetric model Wy and Ng [90] in the case of a Dirac neutrino in the electron channel.

the dileptonic angular separation must not be too large, to avoid a mismodelled region of the phase space for the diboson
background. The SRs are binned in either my; (OS case with m(Wg) > m(Ng)), m;; (OS case with m(Wg) < m(Ng)), or Hr
(SS case), to increase the sensitivity. CRs to constrain the main leptonic background processes (Z+jets, ttand diboson) are
built either at lower my, values or with opposite-flavour leptons, with the non-prompt-lepton background estimated with
a fake-factor method. In the boosted channel, one of the leptons must be well separated from the large-R jet in azimuth
and one is likely to be inside the large-R jet — while such a muon can still be readily identified, this may not be the case
for an electron whose associated calorimeter energy clusters are embedded in the jet. Therefore, besides a 2u and a 2e SR
with a high my, a 1e SR is also defined. In the electron SRs, the W+jets background is suppressed by imposing an upper
bound on E{"iss and additionally, in the 1e SR, by imposing a lower bound on the polar angle of the electron from an
assumed W boson decay in this boson’s rest frame (with respect to the boson’s flight direction in the laboratory frame).
Furthermore, in the 1e SR, the y+jets and dijet contributions are reduced by selecting events in which the » difference
between the jet and the electron is not too large. Finally, in order to suppress the ttbackground, b-tagged jets are vetoed in
all SRs and, in the 2u channel, the pr of the dimuon system is required to be large. The SRs are binned in the reconstructed
Wr mass, with m(Wg) > 3 TeV being the SR, and lower values being used as CRs to estimate the background. Other CRs
are used in the 1e SR, at lower polar angle, to estimate W+jets background, or with a looser electron identification, to
estimate fakes.

In all SRs, the data agree with the background expectations within uncertainties, the background MC sample size being
one of the dominant systematic uncertainties in the SS SRs, while modelling uncertainties become important for the other
SRs. Limits in the plane of m(Ng) versus m(Wy) are shown for the Dirac scenario in the electron channel in Fig. 5(b), which
illustrates the complementarity of the resolved and boosted SRs. Similar limits are obtained in the muon channel and for
a Majorana scenario.

4.3. Type-IIl seesaw

The minimal Type-IIl seesaw model described in Ref. [98] is the target of searches in multilepton final states [91,92].
This model introduces a single fermionic triplet containing one neutral Majorana lepton N and two oppositely charged
leptons LE, which are degenerate in mass? and decay into a SM lepton (with which they mix with coupling V, where
o = {e,u,t}) and a W, Z or Higgs boson. The dominant production mechanism is shown with an example decay in
Fig. 6(a).

The two-lepton search [91] is based on two SRs, with either SS or OS leptons (e or «) having either the same or
different flavours and a large my,, and with at least two jets with an invariant mass compatible with a W boson. Large
values are also required for the pr of the dijet system and of the dilepton system, for the significance of the E{"iss and for
Hr +E}“iss, where Hy is based on the leptons. Finally, to suppress the ttbackground, no b-tagged jet is allowed to be present
in the final state and, in the OS SRs, the E{“iss must point away from the leptons. The remaining dominant backgrounds,
ttin the OS SRs and dibosons in the SS SRs, are estimated from CRs built mainly by reversing the b-tagged veto and mj;
requirements, respectively. The fake-lepton background contribution is estimated via a fake-factor method. The SRs are
binned in Hy + E}“iss to improve the sensitivity.

2 There could be a small mass-splitting due to radiative corrections which does not affect the phenomenology.
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Fig. 6. (a) The dominant production mechanism for Type-IIl seesaw heavy leptons with an example of their decay and (b) the limits placed on their
mass in the various channels and their combination [91,92].

The three- and four-lepton searches [92] are also divided into various SRs. In the three-lepton channel, three SRs are
defined and all require a large E{"iss significance. The first one targets a dileptonic Z boson in the decay chain, and assumes
that the SM boson coming from the other heavy lepton decays hadronically. It thus requires an opposite-sign same-flavour
(OSSF) lepton pair compatible with the Z boson mass, along with a large tri-lepton mass and large my(¢, E{“jss) for the
two leading leptons, whose angular separation is also constrained. A complementary SR vetoes the presence of a Z boson
candidate, requiring large values of Hr, E{“iss and the scalar sum of the pt of the SS leptons, with an upper bound placed on
the dijet invariant mass to reduce the diboson contribution. Finally, the last three-lepton SR targets leptonically decaying
EW bosons, thus requiring a low jet multiplicity, and a lower bound on the summed scalar pr of the leptons and on the
OSSF lepton pair’s invariant mass. Requirements are also placed on the transverse mass and angular separation of the
two leading leptons, as in the Z SR. Since diboson production is the main background in the three-lepton channel, a CR
is defined by selecting events with two jets and a low value of my(£;, E{"iss), where ¢, is the subleading lepton.

The four-lepton channel is divided into two SRs, according to the sum of the electric charges of the leptons (¢ = 0
or |q| = 2), both requiring a large value of the four-lepton invariant mass and of Hr + E{“iss. In the g = 0 SR, which has
more background to suppress, further selections are made: a b-tagged-jet veto, a Z boson veto and the requirement of a
high E{“iss significance. Two CRs are built to estimate the diboson and rare top backgrounds for the g = 0 SR, the first at
lower four-lepton mass and the second by inverting the b-jet veto. The background due to charge misidentification in the
|g| = 2 channel is estimated by correcting the simulation with factors derived in a Z — ee CR. The fake-lepton background
contributions are obtained via a fake-factor method. The data are found to agree well with the expected background’s
post-fit distributions of three-lepton transverse mass and Hy + E{“iss, which are the discriminating variables used in the
likelihood fit in the three- and four-lepton channels respectively.

The data in all channels are found to agree with the estimated background within uncertainties, which are dominated
by the number of data events. The two-, three- and four-lepton channels are used, individually and in combination, to
derive lower limits on the mass of the heavy leptons, as shown in Fig. 6(b). The exclusion region reaches a mass of 910 GeV.
A general, model-independent search for excesses in three- or four-lepton final states has also been performed [93] and
is interpreted in terms of this model as well. However, due to the more general nature of this search in comparison with
the targeted SRs described above, its sensitivity to this particular model is lower.

5. Vector-like lepton and quarks

One of the best-known open questions in the SM concerns the origin of the huge difference between the electroweak
scale, ~250 GeV, (as well as the Higgs boson’s mass itself) and the Planck scale, ~10'° GeV. Many possible solutions have
been proposed for defining a new mechanism that cancels out radiative corrections to the Higgs boson mass without
fine-tuning [99]. Although a chiral fourth generation of fermions is strongly disfavoured by Higgs boson measurements
and electroweak precision data [100-102], the presence of vector-like leptons and quarks is much less constrained, since
these can have electroweak-singlet masses that dominate the mass contributions from their Yukawa couplings to the Higgs
boson [103]. Discovery of vector-like partners of the SM fermions could shed light on their mass and mixing patterns.

Vector-like quarks (VLQ) are colour-triplet fermions and are common in models that use a new strongly interacting
sector to resolve the fine-tuning problem. In these models, the Higgs boson would be a pseudo Nambu-Goldstone
boson [104] of a spontaneously broken global symmetry. The composite Higgs model [105-107] is a particular realization
of this idea.

Vector-like leptons (VLL) are colour-singlet fermions. They often appear in phenomenological models motivated by
string theory [108,109] or large extra dimensions [110]. They also appear in weak-scale supersymmetry [111-113], where
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Fig. 7. (a) The post-fit yield for all of the signal regions and (b) BDT score distribution for one of the signal regions used in the search for vector-like
t-leptons [115]. Distributions of data, background, and pre-fit simulated signal are shown.

the mass of the lightest Higgs scalar boson can be raised by introducing new vector-like heavy chiral supermultiplets with
large Yukawa couplings.

This section focuses on the searches for these two types of particles in ATLAS. It discusses one VLL result and a large
part of the extensive search programme for VLQs.

5.1. Vector-like leptons

In a scenario with a pure VLL doublet I’ = (v,, 7’), this doublet comprises two fermions of approximately equal
mass that couple only to the third generation of SM leptons [114]. In such a scenario the VLL production cross section is
dominated by the pp — v.t’ process, with a rate approximately four times larger than for other possible combinations,
such as pp — v/, or pp — t/T7/~. The v, decays exclusively into W*z~, while the 7’ can decay into Zt or Hr,
with the former dominating for low masses. To cover this wide range of possibilities in the most efficient way, VLLs are
searched for [115] in final states containing at least two charged light leptons, e* or u*, zero or more t-leptons decaying
hadronically, and a significant amount of E{“iss. To maximize the sensitivity to the different final states, seven independent
boosted decision trees [116] are trained in seven different categories of events based on the numbers of reconstructed
light leptons and t-leptons. Thirty-four kinematic and topological variables for each event are used to train the BDTs,
achieving good separation between signal and background samples. Seven SRs are then defined using the corresponding
BDT’s output score in each category. In addition to the SRs, three CRs are used to normalize the dominant background
processes (tt + Z, WZ, and ZZ), and a final CR is used to assess the fake-t background originating from gluon-initiated
jets and pile-up.

The statistical analysis uses the BDT score in the signal regions, and the event yield in the CRs. Templates for signal and
background processes are obtained from MC simulations. The fake contribution is estimated using the fake-factor method.
The result of a background-only fit in all of the SRs is shown in Fig. 7 together with a fit to one of the SRs, corresponding
to a selection of two same-sign same-flavour light leptons and one t-lepton (2L SSSF, 1t). Since no significant excess is
found, upper limits are set on the combined production cross section of the three VLL processes considered. Masses below
900 GeV (970 GeV) are observed (expected) to be excluded for the doublet model used as a benchmark.

5.2. Vector-like quarks

Vector-like quarks may appear in one of seven possible multiplets: singlets (T?/3) or (B'/3); doublets (X°/3, T%/3), (T?/3,
B=13) or (B~1/3, Y=%/3); or triplets (X°/3, T%/3, B=1/3) or (T%/3, B~'/3, Y~=%/3) where the superscript represents the charge
of the new particle. The T and B quarks have the same charge as the SM top and bottom quarks but different masses,
while the up-type X quarks and down-type Y quarks have non-standard isospins. Most analyses described in this report
consider only the singlet and doublet scenarios containing only T and B.

Light VLQs, with masses below ~1 TeV, would be produced mostly in pairs at the LHC via the strong interaction,
illustrated in Fig. 8 for a T quark. However, this process is kinematically suppressed for higher masses, and electroweak
single production (also illustrated in Fig. 8) becomes important and can dominate depending on the VLQ coupling
strength. Searching for pair-produced VLQs is a relatively model-independent approach, as the pair-production cross
section depends only on the assumed mass of the VLQ. At the same time, single production has the advantage of providing
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(a) b)

Fig. 8. Representative diagrams of (a) pair production and (b) single production of a vector-like T quark.

Table 2

Production and decay channels explored by the different VLQ searches discussed in this section.
Search Production mode Decay channel Section
Hadronic T search [118]  Single T — Ht 5.2.1
Hadronic B search [117]  Single B — Hb 5.2.1
Multilepton (single) [119] Single T — Zt 5.2.2
Multilepton (pair) [120] Pair TT — ZtVt, BB — ZbVb, V. =W,Z,H 52.2
High EMs [121] Pair T—>VtorB— Vb V=W,Z H 5.2.3
Lepton and jets [122] Single T—Ht T— 7t 524

direct constraints on the coupling of VLQs to SM quarks. In most models, VLQs couple preferentially to third-generation
quarks and can decay through many different channels involving W, Z, or H bosons. The relative couplings, and therefore
branching fractions, for the different decay modes depend on the considered multiplet representation.

This wealth of final states and production modes allows a variety of searches for pair-produced and singly produced
VLQs. In many cases, they complement one another and aim to cover the full range of multiplet configurations, masses, and
types of VLQs. ATLAS has searched for VLQs in final states with a hadronically decaying Higgs boson appearing together
with top and bottom quarks [117,118], in events with multiple leptons [119,120], in events with large E{“iss [121], and in
events with a lepton and a large number of jets [ 122]. The production and decay modes explored by each search discussed
in this section are summarized in Table 2.

5.2.1. Hadronic searches

Single production of T and B quarks is explored in fully hadronic final states, and the two analyses share similar
characteristics and challenges. The T search [118] focuses on the decay channel T — Ht, where the Higgs boson
decays into a pair of b-quarks. The B search [117] focuses on the decay channel B — Hb and the same Higgs decay
is considered. In both cases, the VLQ invariant mass can be reconstructed explicitly by selecting the Higgs boson and the
corresponding heavy quark, and it is the search variable used in both analyses. The analyses also share the use of large-R
jets to reconstruct and identify the Higgs boson, implementing substructure techniques based on the mass of the jet,
the presence and kinematics of b-tagged variable-R track-jets inside the large-R jet and the t; variable [123], which is a
relative measure of whether the jet has a two-body or one-body structure.

The B analysis uses a four-region variation of the method based on the presence of a forward jet in the event (typical
of single VLQ production) and the b-tagging state of the b-jet chosen to reconstruct the B candidate. Correlations are
considered by studying events outside the Higgs mass window for the large-R jets chosen as Higgs candidates. Finally,
a reweighting method is implemented event-by-event between the control regions used to estimate the background;
this allows further correction for kinematic effects produced by correlations between the variables considered in the
construction of the ABCD regions.

The T analysis uses an extension of the ABCD method that brings the number of regions to 81, building a 9 x 9 selection
matrix. The different regions correspond to the different tagging states of the two leading large-R jets in the event, i.e.
whether these jets are Higgs candidates or not, whether they are top-tagged or not, and whether they contain b-tagged
jets or not. The signal region corresponds to events with one top-tagged jet, one Higgs candidate jet, and at least a total
of three b-tagged jets inside those two jets. The additional regions are used in the background estimation itself, in the
normalization of the subdominant tt background, which is estimated from MC samples in the SR, and to evaluate the
correlations between the different selection criteria and take them into account in the final background estimation.

The statistical analysis in the two searches is based on the reconstructed invariant mass of the VLQ candidate and finds
good agreement between the data and SM prediction in the signal region of each search.
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Fig. 9. Distributions of pr(¢¢) in the signal region of the (a) 2-lepton channel and (b) 3-lepton channel of the VLQ search for singly produced T
quarks [119]. The distributions are shown after a background-only fit, with examples of expected signal contributions overlaid.

5.2.2. Multilepton searches

Events with opposite-sign same-flavour (OSSF) leptons are investigated in searches for pair-produced T or B quarks
[120] and singly produced T quarks [119]. In all cases, the relevant decay channel involves a Z boson decaying into a pair
of leptons, T — Zt or B — Zb. Additional leptons can appear in the final state through the leptonic decays of top quarks.
Both analyses optimize two search channels independently, one with exactly two OSSF leptons (electrons or muons) and
the other with two OSSF leptons and at least one additional lepton. The OSSF lepton pair is used to reconstruct the Z
boson candidate in both channels of both analyses, and it is required to have a mass close to the mass of the Z boson.

The single-production search defines regions by using the number of forward jets, the number of b-tagged jets, the
number of top-tagged jets,> and the number of leptons defining the channel. In the 2-lepton channel, events are assigned
to the signal region if they have at least one forward jet, one b-tagged jet, and one top-tagged jet. Other combinations
define control regions to help constrain the major background processes, Z+jets, VV, and ttproduction, which are modelled
using MC samples. A kinematic reweighting is used to further constrain the Z+jets background. In the 3-lepton channel, the
signal region is defined by selecting events with at least one b-tagged jet and at least one forward jet. Additional cuts are
applied to the azimuthal angle A¢ between the reconstructed Z boson and the non-OSSF lepton or between the Z boson
and the leading b-tagged jet in the event. Control regions are defined by inverting or removing some of those requirements
and selections to help constrain the VV and tt +X processes (including tt +V, tttt, and ttWW processes), which produce
the dominant backgrounds for this channel. The statistical analysis is performed on the transverse momentum pr(£¢) of
the OSSF leptons, simultaneously fitting the five CRs and two SRs, and good agreement between the background prediction
and data is seen in Fig. 9.

The pair-production analysis has many more possible final states than the single-production analysis. One of the VLQs
is always expected to decay into a leptonically decaying Z boson and a heavy quark to provide the OSSF leptons. However,
the other VLQ can decay into various bosons: W, H, or Z. To deal with this type of final state, a multiclass boosted-object
tagger (MCBOT) is employed to classify reclustered (RC) jets as V-tagged, H-tagged, or top-tagged. This selection aims to
take advantage of the large number of jets and consider the possibility of an invisibly decaying Z boson. Events are also
required to have at least one b-tagged jet. For the two channels, SRs are defined using the number of b-tagged jets and
slightly different definitions of the Hr variable, which are based on all reconstructed objects relevant to that particular
channel. Once the SRs are defined, the MCBOT is used to further classify them according to the tagging status of the RC
jet in the event. In total, 19 SRs and 3 CRs are defined and fitted simultaneously in the statistical analysis, with different
variables closely related to the mass or transverse mass of the leptonic VLQ being used in each of them for the final fit.
All background processes, dominated by Z+jets in the 2-lepton channel and VV and tt + X in the 3-lepton channel, are
modelled using MC samples. The background yields in all regions after the background-only fit are shown in Fig. 10, and
good agreement with data is seen in all signal regions.

3 These are jets reclustered with a variable R parameter value [49] to reconstruct more-boosted or less-boosted top candidates.
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VLQs [120] after a background-only fit. The expected yields for a benchmark signal are also shown overlaid.

5.2.3. Searches in events with large missing transverse momentum

Pair production of VLQs is also investigated in events with a large amount of E{“iss [121]. This type of search is
particularly sensitive to VLQ decays with a Z or W boson in the final state, which can provide a significant amount of E{"**
through the presence of neutrinos and are relevant to the search for pair-produced B, T, and X. Events are required to have
E{“iss > 250 GeV, exactly one lepton (electron or muon) and at least four jets, including at least one b-tagged jet. Additional
requirements on the azimuthal distance between jets and E{"** and on the mr(¢, E{"**) variable are also imposed. The latter
helps to reject W+jets events, which form one of the major backgrounds in this analysis. Another important background,
tt, is reduced by using the amr, variable. A training region is defined by selecting events with large amr, and mr(¢, E{“iss)
values and one large-R jet. Three additional regions obtained by inverting some of those requirements are used to assist
in modelling the W+jets, single-top, and ttbackgrounds. The third region is used to obtain a kinematic event-by-event
reweighting of the ttbackground, applied to correct the MC modelling of this process in the signal region. The first two are
used directly in the final fit as control regions. A neural network based on 13 kinematic variables from multiple objects
in the event is trained and used to classify events in the training region. High scores define the signal region, while low
scores are used as a final control region. The statistical analysis is performed by simultaneously fitting the signal region
and three control regions, with all backgrounds modelled using MC samples. The post-fit distributions in the signal region
and one of the control regions after a background-only fit are shown in Fig. 11 and exemplify the excellent agreement
between the data and the expected background.

5.2.4. Searches in events with one lepton and multiple jets

Before hadronization, many of the final states that appear in single T production contain a large number of quarks, top
quarks, and b-quarks, and a heavy boson (H or Z). When the heavy boson decays hadronically (into a pair of b-tagged jets
or other jets) and one of the top quarks decays leptonically, a signature of a single lepton and a large number of jets (from
three to six) becomes particularly powerful in selecting and identifying this type of process. To cover the largest possible
number of different subprocesses involved in single T production, a large number of dedicated regions with different
jet and hadronically decaying boson multiplicities are investigated [122]. The background from multijet production is
suppressed by placing requirements on E{“iss and the transverse mass of the lepton and E{“iss system. Events must also
have at least three jets, with one of them b-tagged. RC jets are used to identify hadronically decaying boosted top quarks,
Higgs bosons, and V (W or Z) bosons. The mass of each RC jet and its number of subjets are used to tag it as one of the
possible hadronic resonances. Top-quark candidates decaying semileptonically are identified by combining the lepton, the
E{"iss, and one of the b-tagged jets in the event and imposing kinematic constraints on the combination. A total of 22 signal
regions are defined for different multiplicities of jets, b-tagged jets, leptonically decaying top quarks, top-tagged RC jets,
Higgs-tagged RC jets, and V-tagged RC jets. All of the SRs are also required to have one forward jet. Additional regions
without a forward jet are used to help with background modelling in the final fit. All background processes are modelled
using MC samples. The multijet background prediction is improved by normalizing it to data in a multijet-enriched region,
while a dedicated kinematic reweighting is used to improve the ttand W+jets modelling, which is known to underestimate
the data at high jet multiplicities and/or high pr. The statistical analysis in the 22 SRs and 2 CRs uses m.g, which shows
strong signal discrimination power. Good agreement between the SM prediction and the data in all the fit regions is seen
in Fig. 12.
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Fig. 11. Distributions of the neural network score for (a) one of the control regions and (b) the signal region used in the search for VLQs in events
with large E[™** [121]. Distributions are shown after a background-only fit, with a benchmark signal overlaid.
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Fig. 12. Summary of the data and background yields in all analysis regions used in the search for singly produced T VLQs in final states with one
lepton and multiple jets [122] after a background-only fit.

5.2.5. Limits on VLQ pair production

The two searches looking for pair production of VLQs have complementary sensitivity. Mass limits are set in a
two-dimensional plane of the possible branching ratios (BR) of T and B decays and are shown in Fig. 13. The limits
corresponding to the singlet and different doublet hypotheses are shown in each plot. For a T quark, the multilepton search
is generally more sensitive, but the E{“iss—based search has better sensitivity in the top left corner of the BR plane. They
have very similar sensitivities for the singlet and doublet models, excluding masses below about 1.25 TeV and 1.41 TeV,
respectively. For a B quark, the two searches behave very differently and are more sensitive in opposite regions of the
BR plane. The E{“iss—based search has a higher mass limit in the singlet scenario, excluding masses up to 1.33 TeV. The
doublet scenarios in the two searches correspond to different VLQ combinations and thus cannot be compared directly.
Masses below ~1 TeV are excluded for any BR combination of pair-produced B and T quarks.

In addition to these two analyses using the full Run 2 dataset, seven VLQ searches for pair-produced VLQs in a partial
Run 2 dataset (recorded between 2015 and 2016) were interpreted together in a single statistical combination [124],
which improved on the individual results.

5.2.6. Limits on single VLQ production
Limits on single T production are set for various coupling values as a function of the mass of the VLQ. Limits on
the coupling as a function of the T mass are shown in Fig. 14 and Fig. 15 for the singlet and (T, B) or (B, Y) doublet
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Fig. 13. Observed lower limits on the T and B masses in the BR plane for pair production of (a, (b) TT and (c, (d) BB. Results from (a,c) the search
for VLQs in events with large Ef™° [121] and (b,d) the search for pair-produced VLQs in multilepton final states [120] are included. The doublet
hypothesis considered in (b,d) is (T, B).

hypotheses, respectively. Of the three searches, the multilepton analysis has the strongest sensitivity for the full range
of masses considered for any multiplet hypothesis. In the semileptonic analysis, the limit for high masses reaches lower
coupling values because of a slight deficit of data observed in some signal regions. Only the hadronic B decay search in
ATLAS considers single B production, and the corresponding limit plots are also shown in Figs. 14 and 15. The hadronic
T decay analysis did not consider the doublet hypothesis and, therefore, is not included in Fig. 15.

6. Leptoquarks

One striking feature of the SM is the similar structure of the lepton and quark sectors, which, a priori, could have
been very different. One possibility that could lie behind the similarity is the presence of a BSM symmetry connecting the
two sectors. With this idea in mind, many theories introduce new particles, called leptoquarks (LQs) [95,125], with both
baryon and lepton number. Theories dealing with unification [126], supersymmetric models with R-parity violation [127],
and models with composite fermions [128] are some areas that typically consider adding such particles. Having baryon
and lepton numbers makes them special, as it confers on them the ability to convert quarks into leptons and vice versa.
LQs have fractional charge and are triplets of the strong interaction, with other SM quantum numbers, such as their weak
isospin representation or their spin, varying between theories.

Because of their unique properties, they can mediate processes that violate lepton-flavour universality and were
proposed as a possible explanation for anomalies observed in B-meson decays [129-131]. A scalar LQ can also explain the
discrepancy between the measured and predicted values of the muon’s anomalous magnetic moment (g — 2) [132,133].
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Fig. 14. Observed and expected upper limits on (a, b, c) single T and (d) single B production as a function of the mass of the VLQ for a singlet
hypothesis. Results from searches for (a) singly produced T in hadronic final states [118], (b) singly produced T in multilepton final states [119], (c)
singly produced T in final states with one lepton and multiple jets [122] and (d) singly produced B in hadronic final states [117], are included. The
dashed curves represent contours of constant relative VLQ width.

Because they interact strongly, LQs can be pair-produced at the LHC with large cross sections, which explains why this
has been the most studied production mode. This production mode is independent of the coupling of the LQ to leptons
and quarks but is suppressed for high LQ masses. Single LQ production, in which the LQ coupling to leptons and quarks
appears explicitly, becomes more copious than LQ pair production at high LQ mass and coupling values and has also been
investigated. Non-resonant LQ production is also possible and has been considered in some searches. Illustrative diagrams
of the different modes of LQ production are shown in Fig. 16 for a specific choice of LQ coupling and decay chain.

Initially, searches for LQs in ATLAS focused on models in which they would only couple with quarks and leptons
of the same generation, with special emphasis on the third-generation LQ that would couple to bottom quarks, top
quarks, t-leptons, and v, -neutrinos. However, the possibility of off-diagonal couplings, and therefore cross-generational
quark-lepton conversions, was investigated in an attempt to explain the B-meson and muon g — 2 results [134,135].

This section starts by discussing the third-generation searches performed by ATLAS in final states with top quarks [ 136,
137] and bottom quarks [138-141], and finishes by discussing the cross-generational searches with light leptons [142-
145] or charm quarks [84] in the final state. Results are discussed in the context of scalar LQs in this report, but
interpretations of vector-like LQs are also included in some of the analyses referenced. The following subsections
distinguish between an up-type LQ (LQY, with a charge of 2/3) and a down-type LQ (LQ¢, with a charge of —1/3).
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Fig. 15. Observed and expected upper limits on (a, b) single T and (c) single B production as a function of the mass of the VLQ for a doublet
hypothesis. Results from searches for (a) singly produced T in multilepton final states [119], (b) singly produced T in final states with one lepton
and multiple jets [122] and (c) singly produced B in hadronic final states [119] are included. The dashed curves represent contours of constant
relative VLQ width. The doublet hypothesis considered in (a, b) is (T, B).

(a) (b) (© (d)

Fig. 16. Illustrative Feynman diagrams of (a) LQ pair production, (b,c) single LQ production and (d) non-resonant LQ production.
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Fig. 17. (a) Event yields in all signal regions and (b) the distribution of m.g in one of the signal regions used in the search for LQLQ — ttzt [136].
The distributions are shown after a background-only fit.

6.1. Searches for LQs with exclusive third-generation couplings

This search type focuses on LQ models in which the LQ couples exclusively or primarily to the third generation of
SM fermions (LQ;'d for up-type and down-type LQs respectively). They deal with final states with multiple top quarks,
bottom quarks, and r-leptons.

6.1.1. Down-type LQs with exclusive third-generation couplings

For scenarios with down-type LQs decaying exclusively into third-generation fermions, two decays are possible: tt
and bv.. Both have been investigated in ATLAS in three distinct analyses.

The tttt [136] analysis defines seven orthogonal channels to search for the pair production of LQs, selecting events
according to their light-lepton and jet multiplicities, and always requiring the presence of a hadronically decaying -lepton
(Thada)- Additional kinematic variables such as the transverse momentum of the leptons or jets, the missing transverse
momentum, and invariant mass combinations among the different objects are used in every channel to separate the
SRs from CRs used to help in the modelling of the various SM backgrounds. Additional control regions are built from
selections without a reconstructed tp,q. Irreducible backgrounds from SM processes are modelled using MC samples, with
kinematic reweighting applied to tt processes, one of the major background components. Contributions from fake zj,,4 and
non-prompt light leptons are estimated using simulations, with normalization corrections obtained in dedicated regions.
In total, 15 CRs and 7 SRs are fitted simultaneously in the statistical analysis, with meg being used as the discriminating
variable in the SRs. Fig. 17 shows good overall agreement between data and MC simulation.

Two searches have been conducted in ATLAS to explore pair production of LQs decaying in the bv, channel. They both
select events with a large amount of E{"iss but focus on different final states. One of them [140] focuses on a symmetrical
final state in which both LQs decay in the same channel. The final state has two b-tagged jets in addition to significant
E{“iss. The other [141] considers the asymmetrical case in which one LQ decays into bv, while the other decays into t.
Compared to the symmetrical search, this search has a final state with one r-lepton and additional jets.

In the symmetrical case, events with large E{“i“ (> 250 GeV), no light leptons, and between two and four jets are
selected to form a signal region (SRA). The leading and subleading jets in the event must be b-tagged, and no additional
b-tagged jets are allowed. Additional selection criteria are imposed on myy, Meg and mcr. A second signal region (SRB) has
a relaxed requirement on the b-tagging configuration, in which the leading jet is required not to be b-tagged. Instead of
using the set of kinematic criteria used in SRA, a BDT is employed to define the signal region by using many kinematic
variables constructed from the jets in the event and the p;mss. Two control regions, one associated with each SR, are
also defined by selecting events with two opposite-sign same-flavour (OSSF) light leptons to help model the main SM
background, Z+jets. Additional signal regions are defined with different jet and b-tagged jet criteria, but because they
target other BSM particles, they are not discussed here. The statistical analysis relies on a simultaneous fit of the two SRs
and process templates provided by MC samples for signal and SM backgrounds. The fit uses the event yield in the CR, the
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Fig. 18. Event yields in (a) all signal regions used in the search for LQLQ — bbvv [140] and (b) all regions used in the search for LQLQ — tbtv [141]
after a background-only fit. Only (a) SRA and SRB and (b) regions in the single-r channel are used while searching for LQ production.

mcr distribution in SRA, and the BDT score in SRB, revealing good agreement between data and background as shown in
Fig. 18(a).

In the asymmetrical case, a single SR with large EM** (> 280 GeV), at least two b-tagged jets, no light leptons, and
exactly one tp,q is used to look for pair production of LQs. Additional requirements are imposed on the pr of the 7.4,
on the scalar sum of the transverse momenta, St, computed from the 7,,4 and the two leading jets, and on mp(X, E{“iss)
where X is either one of the two leading jets or the r-lepton. Two CRs which help in modelling some of the important SM
backgrounds, ttand single-top production, are defined by inverting or relaxing some of the additional requirements. Two
more CRs are defined for events with two tp,4. A corresponding di-t SR region is defined to target other BSM particles but
is not discussed further. The statistical analysis uses the event yield in the CR and the pr distribution of the r-lepton in the
SR. All signal and background templates are obtained from simulated events. A background-only fit, shown in Fig. 18(b),
finds good agreement between data and the expected background.

6.1.2. Up-type LQs with exclusive third-generation couplings

Two decays, into bt and tv, are allowed for an up-type LQ with exclusive third-generation couplings. Three ATLAS
analyses tackle this configuration explicitly, one focusing on pair production of LQs decaying symmetrically in the bt
channel [139], another focusing on single production of a LQ decaying the same way [138], and a third focusing on pair
production of LQs decaying symmetrically into tv [137]. The asymmetrical search [141] described in the previous section
can also be used to search for up-type LQs.

The btbt analysis selects events with either one 1,9 or two oppositely charged 7,4, building two distinct channels.
In the single-t channel, events must have a light lepton (electron or muon) with charge opposite to that of the 7y4.
Both channels require the presence of at least two jets and one or two b-tagged jets. An additional requirement is
imposed on m,., reconstructed using the MMC technique, to help reduce the Z+jets background contribution. Finally,
requirements on St (the scalar sum of the transverse momenta of the objects in the event) and E}“iss are imposed to
reduce the contamination from multijet backgrounds. Signal regions are built using a parameterized neural network
(PNN), parameterized as a function of the hypothesized LQ’s mass. The PNN uses either six or seven variables, depending
on the channel, selected from amongst many kinematic, multiplicity, and angular variables. The dominant Z+jets and
ttbackgrounds are estimated using MC samples with normalization corrections derived in a tt-rich CR. In the SR, fake-t
contributions from ttevents are estimated from simulated ttevents after applying data-driven corrections obtained in a
fake-rich CR. A small but non-negligible fake contribution from multijet events is estimated using the fake-factor method.
The PNN score is used in the statistical analysis, and the two SRs are fitted simultaneously. Reasonable agreement between
data and the SM prediction is obtained after a background-only fit, with a slight deficit of data events observed in the
di-t channel. The result of the background fit in the di- region is shown in Fig. 19.

The ttvv analysis looks for a pair of LQs in final states with a large amount of E{"iss (> 250 GeV) and a pair of
hadronically decaying top quarks. Besides this E{“iss requirement, SRs are built using events with exactly zero leptons
(electrons, muons, or t-leptons) and at least four jets, two of them b-tagged. The leading RC jet is also required to have
a mass higher than 120 GeV, indicating the presence of a hadronic top-quark decay. Two regions (SRA and SRB) are built
according to the value of my ,» [67] which makes them sensitive to different mass hypotheses. Additional cuts on variables
related to the b-tagged and RC jets, and their relative positions and kinematic properties, are employed in both regions to
increase the sensitivity. Finally, each region is divided into three categories according to the mass of the subleading RC jet.
Five CRs built with selections that contain light leptons are used to help in the modelling of the different backgrounds,
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Fig. 19. (a) Event yields in all signal regions used in the search for LQLQ — ttvv [137] and (b) the PNN distribution in the di-z signal region used
in the search for LQLQ — bbtt [139] after a background-only fit. (a) Only SRA and SRB are used to search for LQ production.

dominated by Z — vv production. Additional signal and control regions are defined to look for other BSM particles
but are not discussed here. The statistical analysis simultaneously fits the event yields in the six SRs and five CRs. A
background-only fit shows good agreement between data and the SM prediction, with a slight excess of data in one of
the signal regions, as seen in Fig. 19.

The single-production analysis proceeds similarly to the pair-production one. It separates events into two channels, one
with two th,q of opposite charge and the other with one 1,4 and one isolated light lepton (electron or muon) of opposite
charge. Both channels define a signal region by requiring at least one b-tagged jet and imposing additional criteria based
on the invariant mass of the visible decay products of the two t-leptons and the angular separation between the light
lepton and the E{“iss. These criteria aim to reduce the Z — 7t and ttbackgrounds. Each signal region is divided into two
pr ranges, pr < 200 GeV and pr > 200 GeV, making four signal regions. In the single-t channel, the ttand single-top
backgrounds are modelled using MC samples with a data-driven correction derived in a dedicated CR. In the SR, fake-t
contributions from top-quark processes are estimated similarly to the pair-production analysis, using a region rich in
fakes. A final contribution from multijet events faking t-leptons is estimated using a data-driven fake factor. In the di-t
channel, defining a top-quark-process-rich CR close to the SR, as is done in the single-t channel, is very complex, and
the modelling is corrected using a kinematic reweighting based on St, which is computed from the two 74,4 and the
leading-pr b-jet. Background from Z — 77 is estimated from MC simulations, with a scale factor obtained from a CR
with only one 7,4. Background from multijet events is estimated using a data-driven fake-factor method. The statistical
analysis employs the Sy distributions in the four signal regions. Reasonable agreement is found between data and the SM
background, with a minor excess of data observed in the high-pt signal region for high St.

6.1.3. Limits on LQs with exclusive third-generation couplings

In the absence of significant excesses in data, limits are obtained for the pair production of scalar leptoquarks as a
function of the mass of the LQ for different values of the BR to bt or tt for down-type or up-type leptoquarks respectively.
Two-dimensional limits on the production of up-type and down-type scalar leptoquarks as a function of the mass of the
LQ and its BR are shown in Fig. 20. In addition to the limits obtained in the individual searches, the result obtained
after a statistical combination [146] of those searches is also shown in all cases. Two of the searches described in this
section [139,141] also include interpretations regarding the pair production of vector-type LQs. Lower limits on the mass
are between 200 and 400 GeV higher than the corresponding mass limits for scalar LQs in the same BR scenario. Searches
with visible decays in the final state are more sensitive to higher values of the BR, while searches with neutrinos in the
final state become important for lower values.

The analysis focusing on singly produced LQs [138] sets limits on different models of vector-like LQs. Despite its focus
on single production, it considers the three possible production modes in its interpretation: non-resonant, single, and pair
production. In the Yang-Mills scenario, the observed lower limits on the LQ mass are between 1.58 TeV and 2.05 TeV,
depending on the coupling. The lower limits in the minimal-coupling scenario are between 1.35 TeV and 1.99 TeV. Finally,
the lower limits for a scalar LQ scenario with charge (4/3)e are between 1.28 TeV and 1.53 TeV. Fig. 21 summarizes those
limits.
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6.2. Searches for LQs with cross-generational couplings

These searches explore the possibility of an LQ mediating an interaction that connects quarks and leptons from
different generations (LQ;}‘f( for up-type and down-type LQ, respectively). Most deal with final states with multiple light
leptons (electrons or muons) and multiple bottom or top quarks. The other cross-generational possibility (light quarks
and t-leptons) is also investigated in one of the searches described. These cross-generational couplings are particularly
relevant in models attempting to explain B-meson and muon g — 2 results. Electron and muon selections are considered
independently, duplicating the SRs and CRs for use in separate statistical analyses.

6.2.1. Up-type LQs with cross-generational couplings

Two searches for pair-produced up-type LQs with cross-generational couplings have been performed in ATLAS. One is
aimed at final states with exactly two light leptons [145] and the other is aimed at final states with one light lepton [143].

For the two-lepton analysis, events with exactly two OSSF light leptons (electrons or muons) and at least two jets are
selected. Additional requirements on the invariant mass and pr of the dilepton system suppress background from Drell-
Yan and Z boson production. LQ candidates are identified from the different possible pairs of lepton+jet by choosing the
two pairs closest in my;. The maximum and minimum my; in the event is used to construct the m*Y™ variable, which
helps to reduce the SM background further. Events with low m*¥™ form a single signal region, while the rest constitute
a sideband region (SB) that is used as a CR in the statistical analysis. A second CR is defined to help in the modelling
of the ttbackground by selecting events with two opposite-sign opposite-flavour leptons. Two independent statistical
analyses are defined, one targeting LQ — b¢ decays and the other targeting LQ — c/ decays. For the former decay, the
SR and SB are split into three subregions according to the number of b-tagged jets in the event (zero, one, or at least
two). For the latter decay, events in the SR and SB are separated into those with zero tags, at least one c-tag, and at least
one b-tag. Events with a b-tagged jet and a c-tagged jet are placed in the c-tagged category. Both statistical analyses use
the distribution of the average lepton+jet invariant mass of the two LQ candidates in the event, and all SM and signal
processes are modelled using MC samples. The data and MC simulation agree well, as shown in Fig. 22(a) for one of the
electron selection’s SRs.

In the one-lepton analysis, events with exactly one lepton (electron or muon), a significant amount of E{"iss, and at
least four jets are selected. This very general selection can capture events from a variety of up- and down-type LQ decay
modes (LQ — tv, LQ — b¢, LQ — t£ and LQ — bv). Events with at least one b-tagged jet, large my(¢, E{“iss), and high
amrp, are assigned to a training region. In this region, a neural network (NN) is trained to separate signal and background
events, using 15 input variables related to the objects in the event, including the lepton flavour. An SR is defined using
the events with a high NN score, while the lower score region is kept as a CR. Two additional CRs are defined to help
in modelling the single-top and W+jets backgrounds with selections based on the presence of two b-tagged jets and
lower mr(¢, E}“iss) respectively. A kKinematic reweighting of the MC prediction of the ttbackground is implemented before
the statistical analysis, with corrections obtained in a tt-rich region defined using amr,. The statistical analysis uses the
distribution of the NN score in the SR and the overall event yield in each CR, with all signal and background processes
modelled using MC samples. The data and SM prediction agree well after a background-only fit, as shown in Fig. 22(b)
for the electron selection’s SR.

6.2.2. Down-type LQs with cross-generational couplings

Three ATLAS searches consider the scenario of a down-type LQ with cross-generation couplings and are defined
according to the number of light leptons present in the final state. The one-lepton search [143] is described in Section 6.2.1,
as the same search is also used for up-type scenarios. A separate two-lepton search is, however, introduced [144] to take
into account the presence of top quarks, and a recent multilepton analysis [142] investigates events with two, three or
four light leptons in the final state arising from the pair production of LQs and the LQ — t¢ decay channel.

The dilepton analysis builds a single SR with events containing exactly two OSSF light leptons, at least two large-R jets,
and large my,, which is used to suppress the background from Z boson production. A CR defined to help in the modelling
of Z+jets production is built with events having lower my, values. A second control region with OS different-flavour pairs
of leptons is built to help model the ttbackground. A BDT is used in the SR to further separate signal and background, with
its input including variables related to the substructure and kinematics of the large-R jets. The BDT is parameterized using
the masses of the different signal hypotheses, which are included in the training. The BDT score in the SR and the overall
number of events in each CR are used in the statistical analysis, with all signal and background templates modelled using
MC samples. A background-only fit to data, shown in Fig. 23(a) for all fitted regions, reveals good agreement between
data and MC simulation.

The multilepton analysis is divided into three distinct channels, defined by the lepton multiplicity in each event: two
same-sign light leptons (2£SS), three light leptons (3¢), or at least four leptons (4¢). Only the 3¢ and 4¢ channels contain
signal regions, while the 2¢ channel is used entirely to define CRs to help in modelling the ttand single-top backgrounds.
Additional CRs are defined in the 3¢ channel to help model other SM backgrounds, such as tt + Z or diboson production.
In the 3¢ channel, events are classified as being in the signal region if they have at least two jets, at least one b-tagged
jet, and a pair of opposite-sign same-flavour leptons that have a mass far from the Z boson mass window, which helps to
suppress SM background containing a Z boson. Events are also required to have a large (> 200 GeV) invariant mass mj}}i“,
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Fig. 22. (a) Average invariant mass of the lepton+jet system in one of the SRs from the search for up-type LQs in final states with two light
leptons [145] and (b) NN score in the SR from the search for LQs in final states with one light lepton [143] after a background-only fit to data.

which corresponds to the smallest invariant mass among of all two-lepton combinations and has the ability to separate
background and signal processes very efficiently. A procedure to identify electrons with incorrect charge assignment that
originate from internal photon conversions or photon conversions in matter is implemented through a BDT discriminant.
Electrons in the signal region are required to pass a conversion veto, while events with electrons not passing the veto
are assigned to one of two additional CRs. The SR is split in two, according to the flavour of the OSSF pair of leptons. In
the 4¢ channel, events are classified following criteria very similar to those in the 3¢ channel, except for the conversion
veto, which is not applied. The SR is split in two, according to the lepton flavour with higher multiplicity. For events with
two electrons and two muons, the leading lepton determines the SR. Two independent statistical analyses are defined,
one with only the electron SRs and one with only the muon SRs. All considered backgrounds and signals, except that
from electrons with misassigned charge, are estimated using MC samples. The predicted diboson, non-prompt-lepton, and
ttbackgrounds from simulation are improved using data-driven corrections obtained from dedicated CRs. The estimated
background from electrons with misassigned charge is fully data-driven. The statistical analyses use the meg distribution
in all SRs, in the 3¢ CR, and in one of the CRs of the 2¢ channel. In the rest of the CRs, the overall number of events is
used. The data and background prediction agree reasonably well in all SRs, with small data excesses in the electron SRs.
This is shown in Fig. 23(b) for one of those regions.

The only ATLAS analysis considering cross-generational couplings without light leptons focuses on LQs decaying into a
t-lepton and a c-quark [84]. Events are selected for a SR if they have two reconstructed hadronically decaying r-leptons
and at least two reconstructed jets. Events with any light leptons are vetoed. The two 1,4 are required to be well separated
and have opposite charges. To suppress the Z — tt background, mg’;' is required to be larger than 110 GeV. The visible
momentum fraction for the two t candidates, i.e. the ratio of the visible pr to the estimated total pr of their decay products,
is used to reduce the background from fake-t sources. Two CRs are defined and used in the statistical analysis: a CR
defined for lower values of mﬁ‘;' to help model the Z — tt background and another one using a single-t selection
in order to improve the modelling of background from single-top and ttproduction. The statistical analysis uses the Sy
distributions in the SR and the two CRs with all signal and background processes modelled using MC samples, except for
the fake background due to jets misidentified as .4, which is estimated using a fake-factor method. The data is in good
agreement with the SM prediction in the SR after a background-only fit.

6.2.3. Limits on LQs with cross-generational couplings

In the absence of any significant excess in data, limits are obtained for the pair production of scalar leptoquarks with
cross-generational couplings as a function of the mass of the LQ for different values of the branching ratio to b¢ or t¢
for down-type or up-type leptoquarks respectively. Two-dimensional limits on the production of up-type and down-type
scalar leptoquarks as a function of the mass of the LQ and its BR are shown in Fig. 24. In addition to the limits obtained
in the individual searches, the result obtained after a statistical combination [146] of those searches is also shown in all
cases. Results are shown separately for muon and electron final states. Searches with fully visible final states reach higher
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Fig. 23. (a) Distribution of the event yields in all fitted regions of the electron selection used in the search for down-type LQs in final states with
two light leptons [144] and (b) the effective mass in one of the SRs used in the search for down-type LQs in multilepton final states [142] after a
background-only fit to data.

in mass but lose sensitivity rapidly as the BR approaches zero. Searches that consider semi-invisible final states are less
sensitive but obtain more consistent limits as a function of the BR.

The tc analysis sets limits on the pair-production of LQs that decay exclusively into a T-lepton and c-quark as a function
of the LQ mass. LQs with masses below 1.3 TeV are excluded for the model considered.

7. Additional vector bosons

Multiple BSM theories predict the existence of new vector bosons, which are naturally predicted in theories with
an extended gauge sector. A typical historical benchmark is the Sequential Standard Model (SSM) [149], in which the
new Z’ boson has the same fermion couplings as its SM counterpart: it can hence be searched for as a resonance in the
invariant mass distribution of fermion pairs in a variety of leptonic and hadronic final states (the same can also apply
to a new SSM W’ boson). A Z/, vector boson can also be predicted by an Eg-motivated Grand Unification model [150].
Other models predict Z’ bosons which decay into top quarks with a large branching ratio, such as the colour-singlet boson
predicted in the topcolour-assisted-technicolour model [151,152], making the search for a resonance in the my invariant
mass spectrum particularly interesting. The Z’ and W’ can also be the nearly mass-degenerate heavy vector triplet (HVT)
members of a new SU(2) gauge group [153]. This scenario includes a wider range of phenomena because the new bosons
can decay into diboson final states. The SSM also appears as a particular benchmark within the HVT coupling space.

These resonances can be searched for in two-body final states or in production modes with other associated jets or
leptons, or in the case of a new vector colouron [154] (a massive version of the gluon, predicted in gauge extensions of
QCD), in a pair of dijet resonances. If the new vector boson’s mass is higher than the pp collision centre-of-mass energy,
its effects can still be seen and then interpreted in terms of contact interactions, which are the focus of other dedicated
searches. All of these searches are reviewed in this section, and the limits set on the Z’ and W’ bosons are summarized in
Table 3. Some other, specific models of new vector bosons are covered elsewhere in this report: the left-right symmetric
model were already discussed in Section 4, while lepton-flavour-violating Z’ decays will be discussed in Section 8, and a
simplified model of dark-matter production through a Z’, in Section 10.

7.1. Resonant searches

7.1.1. Two-body final states with quarks or leptons

The dijet resonance analysis discussed in Section 3.1 can also be used to search for either a SSM Z’ or W'. A two-b-tags
channel is also defined for the Z’ search, which differs from the previously described b* search only by requiring one
extra b-tagged jet. The best constraints on these SSM gauge bosons, which assume the same fermion couplings as their
SM counterparts, however come from the search in the leptonic final states described below, as shown in Table 3.
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Fig. 24. Two-dimensional limits (a, b) on the production of up-type scalar leptoquarks with cross-generational couplings as a function of the mass
of the LQ and the BR to b¢ from the search of up-type LQs in final states with (blue) two leptons [145], (red) only one lepton [147], (pink) no
leptons [140] and (black) their statistical combination [146], and (c, d) on the production of down-type scalar leptoquarks with cross-generational
couplings as a function of the mass of the LQ and the BR to t¢ from the search of down-type leptoquarks in final states with (blue) two leptons [144],
(green) multiple leptons [148], (red) only one lepton [147], (pink) no leptons [140] and (black) their statistical combination [146]. Electron and muon
final states are considered separately.

In the Z’ — ¢¢ search [155], where £ = {e, u}, the m,, spectrum above 225 GeV is probed after selecting events
with at least two same-flavour (SF) leptons.* The muon channel also requires the two muons to be of opposite sign, a
requirement which is not made in the electron channel because of the larger charge misidentification rate at high pr and
the fact that a wrong charge assignment in the electron channel would not impact the calorimetric measurement of the
electron’s momentum. The lower bound on my, is imposed to avoid the Z boson peak region, because the background
estimate is (as in the dijet resonance search) obtained by fitting a functional form to the data in the SR, in this case
fee(mee) = faw.z(mee)(1 — xc)bx’:fzop" log®)' \where x = mee/+/S, b and p; are free parameters with independent values for
the ee and i channels, c is fixed to 1 (for ee) or 1/3 (for pp), and few z(me,) is a Breit-Wigner function with the mass and
width of the Z boson. Uncertainties in the MC background modelling are propagated into the estimation of the spurious
signal, which is taken as a systematic uncertainty of the background estimation. The distribution of my, in the electron
channel data is compared with the background fit and some example signals in Fig. 25(a). No significant deviation of the
data from the background fit is observed. The same also applies to the muon channel, which is, however, slightly less
sensitive due to poorer signal resolution.

In the W' — £v search [156], the presence of exactly one electron or muon is required in the SR, along with a large
value of E{“iss and of mr(¢, E}“iss), which is used as the final discriminating variable. The background is dominated by
the Drell-Yan (DY) production of W bosons, but also contains some contributions from tt, single-top, diboson, Z/y* and
multijet processes. The backgrounds involving true leptons are evaluated using MC simulations; in the ttand diboson cases,

4 |If more than two leptons of the same-flavour are found, the highest-pr ones are used. If both an ee pair and a pu pair are found, the ee pair
is kept because it has better mass resolution and signal efficiency.
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Fig. 25. (a) Dielectron invariant mass spectrum used in the search for a Z' resonance [155] compared to the fitted background template and some
generic signal examples, and (b) transverse mass of the electron-E{"** system in the W’ search [156] compared to the background expectation and
example W’ signals.

to compensate for the limited number of events at high mr, the smoothly falling mr distribution from the MC simulation is
fitted using functional forms and extrapolated to high values. The contribution from fake leptons from multijet processes,
more important in the electron channel, is evaluated with a matrix method. No significant deviation of the data from
the fitted background’s my spectrum is observed, neither in the electron channel (shown in Fig. 25(b)) nor in the muon
channel, whose sensitivity is, as in the Z’ search, slightly worse than in the electron channel due to poorer resolution.

Analyses with -leptons in the final state can be important in the search for new W’ or Z’ bosons and are particularly
relevant in scenarios with enhanced third-generation couplings. A search for W/ — tv using the full Run 2 dataset was
very recently made public [157]. The data agree with the expected background’s mr(thad-vis, E{“iss) distribution within
uncertainties, which are dominated by the number of data events for masses above 2 TeV. The search for a Z/ — tt has
only been performed with a partial Run 2 dataset [158] recorded between 2015 and 2016.

Another analysis performs a generic search for simple two-body resonances and is based on anomaly detection
techniques [159]. This approach considers resonances decaying into a pair of jets (which could be b-tagged) or a
combination of one jet and one lepton (or photon). A simple preselection of events with at least one jet and at least one
lepton is performed, and an unsupervised machine-learning method based on an autoencoder is used to find events with
kinematic properties that are likely to be different from the bulk of preselected data events. A total of nine independent
statistical analyses using different two-body invariant mass combinations are used to look for excesses above the SM
background, which in each case is obtained using a parametric fit. No significant excess is found in any of the combinations,
with the largest deviation being seen at a mass of 4.9 TeV when using the m;,, statistical analysis. The sensitivity of this
search is poorer than in dedicated approaches but it remains interesting due to its very general, model-independent
approach, which can guide more sensitive, dedicated searches.

7.1.2. Diboson final states

Six searches in ATLAS consider final states with two bosons, and all of them can be interpreted in the context of
additional vector gauge bosons, either Z' or W’. They can be classified into two subclasses with common characteristics:
final states without (VV') or with (VH) Higgs bosons, where V is a W or Z boson. In addition to vector gauge bosons, several
analyses in ATLAS look for scalar resonances in diboson final states such as Hy, Zy or ZZ; these analyses are included in
a different report [6].

The two VH searches consider a final state with a Higgs boson decaying into two b-quarks: a fully hadronic final
state [160] and a leptons+jets final state [161].

The fully hadronic analysis considers events with no light leptons and two large-R jets, well separated in rapidity. The
leading (highest-pt) jet is considered to be the Higgs candidate, while the subleading jet is considered to be the V boson
candidate. Two independent channels are built, aimed at final states with either a W or a Z boson. The jets are identified
(tagged) as coming from a Higgs, W or Z boson according to their mass, the number of tracks, and the D, variable [162].
The latter is defined as a ratio of two-point to three-point energy correlation functions based on the jet's constituents
and is expected to peak at values below one for heavy hadronic resonances. In each channel, events with one tagged
candidate V boson and one tagged candidate H boson are categorized into SRs. Two independent categories are built
in each channel according to the number (one or two) of b-tagged jets associated with the large-R Higgs candidate jet.
The invariant mass of the two large-R jets is used in the statistical analyses. In both categories and in both channels, the
background in the signal regions is obtained using a data-driven method. The initial template is obtained from a third
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Fig. 26. Upper limits on the production cross section of new gauge bosons, (a) W' or (b) Z’' decaying into a VH final state from the (red)
leptons+tjets [161] and (blue) fully hadronic [160] analyses. The HVT model is used to define the signal hypothesis.

category with no b-tagged jet associated with the Higgs candidate. The final template in the 1-tag and 2-tag categories
is obtained using a combination of a multidimensional kinematic reweighting, based on a boosted decision tree (BDT),
and normalization corrections. The BDT is trained on data from a dedicated CR with relaxed identification criteria for the
boson candidates. The same region is used to obtain the normalization correction between the 0-tag category and the
1-tag or 2-tag categories. Finally, the estimated background is smoothed using a functional-form fit. Two independent
statistical analyses are done, one for each V boson final state associated with the equivalent V' hypothesis. Agreement in
both channels and both categories is good after a background-only fit.

The leptons+tjets analysis uses two complementary selections aimed at different pr regimes: a resolved selection with
at least two jets, one of them b-tagged, and a merged selection with a large-R jet with at least one associated b-tagged
variable-R track-jet. Both selections are divided according to the number of b-tagged jets or associated b-tagged variable-R
track-jets, respectively, into 1-tag and 2-tag categories. The pair of b-tagged jets or the b-tagged jet and the leading non-
b-tagged jet (for the 2-tag and 1-tag categories, respectively) are chosen in the resolved selection as the Higgs candidate
and are required to have an invariant mass close to the Higgs boson mass. In the merged selection, the Higgs candidate
is chosen as the leading large-R jet that has least one associated b-tagged jet and a mass close to that of the Higgs boson.
If an event passes both the resolved and merged selection, it is classified as resolved. Events from the two selections are
then classified into six categories by looking at the number of light leptons in the event: zero, one, or two. The 0-lepton
channel requires a large amount of E{“iss and imposes additional kinematic selections based on the relationships between
the E{"iss and the jets in the event. The 1-lepton channel requires events to have one light lepton and a significant amount
of EMsS and imposes additional selections sensitive to the presence of a W boson in the event, e.g. on the mr(¢, EM*)
variable. Finally, the 2-lepton channel requires an event to have two same-flavour leptons, and additional selections,
designed to select events with a Z boson in the final state, are imposed on the dilepton system. For each combination of
the number of leptons and number of b-tagged jets, and separately for the merged and resolved categories, a signal region
is built by imposing a very tight selection around the Higgs boson mass. In contrast, events with slightly lower or higher
my values are kept as control regions in the 0-lepton and 1-lepton channels. In the 2-lepton resolved category, a CR is
defined using events with two different flavour leptons, while the 2-lepton merged category has no corresponding CR.
Two independent statistical analyses are built to search for events consistent with either a Z’ or a W’ hypothesis, with the
former using the O-lepton and 2-lepton channels and the latter using the 0-lepton and 1-lepton channels. The invariant
mass of the VH candidate is used in the 0- and 2-lepton channels, while the transverse mass of the VH candidate is used
in the 1-lepton channel. All templates for background and signal are obtained from MC samples, with the small multijet
background in some regions obtained using a data-driven template method [163]. Agreement between data and the SM
background expectation after a background-only fit is found to be good in all regions.

In the absence of significant excesses, cross-section limits are set as a function of the mass of the new gauge boson (W’
or Z'). Such limits from an HVT signal hypothesis are shown in Fig. 26 for the quark-quark annihilation (qqA) production
mode. The two searches have similar sensitivity for the W’ case, but the leptons+jets search dominates across the whole
mass range for a Z’ hypothesis.

The four VV searches cover the large variety of WW and WZ final states, since each boson can decay either hadronically
or leptonically.

The semileptonic VV search [164] considers three separate channels, named according to the number of leptons: zero,
one, or two. The O-lepton channel targets the ZV final state and requires events to have a large amount of Ef"** and no
leptons in addition to at least one large-R jet or two small-R jets. The 1-lepton channel, aimed at the WV final state,
has the same jet requirements but selects events with a significant amount of E{“iss and exactly one lepton. Finally, the
2-lepton channel, also dedicated to the ZV final state, requires a pair of same-flavour leptons with an my, value close to
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Fig. 27. Upper limits on the production cross section of new gauge bosons, (a, b) W’ or (c, d) Z’ decaying into a (yellow) VV semileptonic final
state [164], (red) leptonic final state [166,167], or (blue) hadronic final state [165]. The HVT model is used to define the signal hypothesis. The qqA
and VBF production modes are considered separately.

the Z boson mass. Each channel considers the two V hypotheses separately. The hadronic boson candidate is identified
using the leading large-R jet, with a mass window close to the V boson mass considered. If no large-R jet candidate
is found, an attempt is made to reconstruct a hadronic candidate using pairs of small-R jets. The dijet system formed
from the two leading jets is used as a candidate if its m;; is consistent with that of the V boson considered. The selected
events are classified into a large number of signal regions using three criteria. The first criterion uses the D, variable
to separate events according to the reconstruction quality of the hadronic V candidate. The second criterion aims to
separate vector-boson fusion (VBF) events from events produced by other processes and uses a recurrent neural network
to separate events into these two categories. The final criterion is based on the number of variable-R track-jets associated
with the hadronic V candidate. A total of 40 SRs are defined across the three channels. CRs rich in tt, W+jets, and Z+jets
background processes are defined in the O-lepton,1-lepton, and 2-lepton channels, respectively. The statistical analysis
utilizes either the diboson invariant mass or the transverse mass of the VV final state (for the 0-lepton channel only) in
all SRs and CRs, with most background and signal templates obtained using MC samples. The multijet background, which is
non-negligible in the 1-lepton channel, is estimated using a template method. The data are found to be in good agreement
with the background expectation. This search has better sensitivity than any other ATLAS analysis when considering new
gauge bosons decaying into VV final states. The other three analyses [ 165-167], considering fully leptonic or fully hadronic
final states, are included in the summary plots below but not described further.

With no significant excesses, cross-section limits are set as a function of the mass of the new gauge boson (W' or Z’).
Limits for an HVT signal hypothesis are shown in Fig. 27 for the two possible final states, WZ and WW, and separately
for the two possible production modes, VBF and qgA. The semileptonic search described in this section dominates the
sensitivity for most of the mass range considered.

7.1.3. Final states with heavy quarks

Searches with top quarks in the final state are particularly relevant for models with preferred couplings to the third
generation. A hadronic Z' — tt [168] search is employed to set limits on a leptophobic Z’ from a topcolour-assisted-
technicolour model, which falls in that category. This search selects events with two top-tagged large-R jets, which are

332



The ATLAS Collaboration Physics Reports 1116 (2025) 301-385

> E T 3 > E T 3
8 F ATLAS B 8 109k ATLAS B
S 10°= (5= 13Tev, 139 b t Data = E Vs=13TeV, 138 ib" ¢ Data E
c E SRib —— Background fit 3 € . SR2b —— Background fit q
g 2 2 10°E =
w107 Fit parameter unc. 5 ] E Fit parameter unc. 3
R 2TeV Z', X5 4 10 e e 2TeVZic, x5 =
10 , E , 3
2 ——4TeV Z, x5 e ] ——4TeV Z, x5 4
1= = 3
E 3 107" —=
L _ 3
107 3 102 =
[ BH global p-value = 0.45 J BH global p-value = 0.56 3
1072 = Most significant deviation = 1078 Most significant deviation ;
E ~ interval (5440 - 5690 GeV) 3 T interval (5440 - 5820 GeV) N El
10° = - 107 . . . .
= 3 E = 3E E
[oRd o D
St g E | :
T 8 0 T 8 0 il m
Q= Q=
g€ -1 €c -1F E
3.2 o 3.2 oF _
@n T3 E @on “3E E
2000 3000 4000 5000 6000 2000 3000 4000 5000 6000
mz<° [GeV] mz<° [GeV]
(@) (b)

Fig. 28. Distributions, in the two SRs of the Z’ — tt analysis [168], of the invariant mass of the two leading large-R jets. The fit of the parametric
function to the data is shown in both regions, together with the distributions of two benchmark signal hypotheses with different masses.

required to be back-to-back in the (5, ¢) plane. A selection based on the rapidity separation between the two jets is
imposed in order to reject events with large rapidity separation, which are dominated by t-channel events from multijet
production and represent a significant background. The selected events are separated into two signal regions, according to
the number of b-tagged variable-R track-jets (one or two) associated with the selected large-R jets. The statistical analysis
employs the invariant mass of the two leading large-R jets as the discriminating variable. The background distribution is
obtained in situ in each signal region using a parametric function fitted to data. A background fit shows good agreement
between data and MC simulation in both regions, as can be seen in Fig. 28.

The same argument can be used to justify a W’ search in the W' — tb final state [169], which considers both the
hadronic (0-lepton) and lepton+jets (1-lepton) channels. The 0-lepton channel selects events with exactly one top-tagged
large-R jet back-to-back with a b-tagged jet. Such a pair is used to reconstruct the W’ boson. Events are classified into
two categories according to the presence of additional b-tagged jets inside the top-tagged large-R jet. A total of three
SRs are defined, with 12 additional regions (6 per category), built by relaxing or inverting the b-tagging or top-tagging
criteria utilized to estimate the main background, from QCD multijet production. This background is estimated using an
ABCD method. The W’ — tb search uses an eight-region variant, with two SRs per category. The 1-lepton channel selects
events with exactly one lepton (electron or muon), a significant amount of E}“i“, two or three additional jets, and exactly
one or two b-tagged jets. Events are classified according to the numbers of jets and b-tagged jets. Additional kinematic
selections are imposed to reduce the major backgrounds (ttand W+jets) and define four SRs, one per category. Additional
cuts based on the same variables are used to build CRs and VRs to control or validate those major backgrounds. The W’
candidate is reconstructed using the lepton, the E{“iss, and a combination of jets that satisfy constraints based on the top
quark and W boson masses. The final statistical analysis combines the two channels, with seven SRs and two CRs. Using
the invariant mass of the W’ candidate as the discriminating variable, a background fit shows good agreement between
the data and the SM background prediction. Limits are obtained for a leptophobic W’ model in which the coupling of the
W’ to quarks is a free parameter. Both the left-handed and right-handed W’ chiralities are considered. Two-dimensional
limit plots in the coupling vs mass plane are shown in Fig. 29.

Asecond Z' — tt search is done to address a more extreme case in which the Z’ couples exclusively to top quarks [170].
In this context, the Z’ is produced primarily through associated production with two additional top quarks, thus composing
a ttZ' — tttt final state. Depending on the exact parameters of the model, final states of the type tjZ’ and tWZ’' can also
be relevant and are considered in the analysis. This search selects events with exactly one lepton (electron or muon), at
least two large-R jets, with the two leading ones used to reconstruct the Z’ candidate, and at least two additional small-R
jets not overlapping the selected large-R jets. Events must also have at least two b-tagged jets, which can overlap the
large-R jets or be counted as additional jets. Six regions with at least three b-tagged jets and classified according to the
numbers of jets and b-tagged jets are used as SRs. The background in each SR is estimated using a data-driven method.
The shape of the initial background template is obtained using a parametric function fit in a region with two b-tagged
jets and two small-R jets, and extrapolated into the SR using factors obtained from MC simulations. The invariant mass of
the reconstructed Z’ candidate is used in the statistical analysis, and a background-only fit shows good agreement with
the data in each of the SRs, as can be seen in Fig. 30 for the two most sensitive SRs.

333



The ATLAS Collaboration

Physics Reports 1116 (2025) 301-385

o R e e e T > o R e e e ™
= [ ATLAS ) > [ ATLAS .-
[ fs=13Tev, 130" [ fs=13Tev, 130" =
[ Observed 95% CL limit [ Observed 95% CL limit
L — - Expected 95% CL limit » 4 L — - Expected 95% CL limit p
Expected 95% CL limit 1o P Expected 95% CL limit =10 Y
Expected 95% CL limit 20 Expected 95% CL limit 20 7 :¢
1=  — - 1-lepton Expected 95% CL limit | 1k  — - 1-lepton Expected 95% CL limit s |
E = = = 0-lepton Expected 95% CL limit =i E = = = 0-lepton Expected 95% CL limit /,'/ =i
01 - 01 4
o b v v b b v e v Ly 1 ] o b v v b b v e Ly 1 ]
1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 000
m(W) [GeV] m(W'.) [GeV]
(a) (b)

Fig. 29. Two-dimensional limits in the mass vs coupling plane for the
right-handed hypothesis.

production of a W’ decaying into tb [169], for a (a) left-handed and (b)
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Fig. 30. Distributions, in the two most sensitive SRs of the ttZ’ — tttt analysis [170], of the invariant mass of the two leading large-R jets. They
are shown after a background-only fit to data. The distribution for one benchmark signal hypothesis is also shown.

A third and final Z’ analysis considers an associated production scenario similar to the one in the previous search,
in this case involving b-quarks [171]. The analysis selects events with at least three b-tagged jets, with asymmetric pr
cuts, corresponding to the bbZ’ — bbbb topology. Additional kinematic cuts on the rapidity separation between the two
leading jets help to differentiate between signal events and the main background, coming from QCD multijet production.
The background estimate is obtained in situ in the SR using the functional decomposition method [172] and shows
good agreement between the data and the SM background estimate. The search sets limits using a model that includes
lepton-universality violation (LUV) and third-generation exclusive couplings in the quark sector.

7.1.4. Many-body final states

Although simple final states are the target of many searches, more complicated configurations are useful in looking for
Z' or W’ bosons in specific models where simpler searches do not have enough sensitivity. The uuZ’ — 4u analysis [173]
targets one such scenario, in which a Z’ couples exclusively to second- and third-generation leptons. Because of this, they
cannot be produced in the usual way and appear in final states with multiple leptons. An example of such a production
mode and corresponding final state can be seen in Fig. 31(a). The search selects events with four muons with kinematics
compatible with producing a pair of muons with a large invariant mass (Z;) and an extra pair of opposite-sign muons
(Z2), which follow the expected signature. Both pairs of muons are used to look for heavy resonances with relatively
high-mass Z’ signals appearing as a peak in the invariant mass distribution of Z; and low-mass ones appearing as a peak
in the invariant mass distribution of Z,. The background is estimated using a fake-factor method. A parameterized deep
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Fig. 31. (a) Feynman diagram of Z’ production through radiation in a Drell-Yan process, and the (b) mz, and (c) mz, spectra from the puuZ’ — 4u
analysis [173] with signal examples at 15 GeV and 51 GeV, respectively.

neural network (pDNN) [174] is used to further separate signal and background and to define the final signal regions,
with the final cut depending on the signal hypothesis. Agreement between the data and the SM prediction is excellent
for most of the mass range, and is shown in Figs. 31(b) and 31(c) for two different mass hypotheses.

Another scenario in which simple final states may prove insufficient arises when dealing with complex decay chains
that follow the production of a new Z’ or W’ boson. More than two objects coming from the heavy resonance must be
considered in this context. The analysis described in Ref. [175] constructs a single SR by selecting events with at least
one isolated lepton (electron or muon) and a pair of jets. The background is then estimated in situ by using a parametric
function to fit the data. Four fully independent statistical analyses are defined for four different invariant masses: mj,
Mjjee, Mipe, and mpye. The largest deviation of the data from the fitted background is found in the mj; analysis at a mass
around 1.3 TeV and has a local significance of 3.5¢0 (1.50 global), but otherwise the data agrees well with the predicted
SM background. Fig. 32(a) shows one of the relevant distributions. A similar analysis tackles the simpler scenario of a
dijet resonance, arising from a W’ or Z’, produced in association with a light charged lepton [176]. It follows a similar
strategy and looks for excesses in the mj; distribution of such events. In this case, no significant disagreement with the
SM prediction is found.

A fourth analysis of multi-body final states, which considers fully hadronic scenarios with two pairs of jets arising from
a single heavy resonance, was also completed recently [ 177]. This analysis reconstructs events with two pairs of jets that
are required to have similar invariant masses, corresponding to a scenario of the type Y — XX — jjjj, and uses a single
SR. Additional kinematic requirements are imposed to reduce the multijet background. Two different distributions are
used for the statistical analysis: the average dijet invariant mass and the invariant mass of the tetra-jet system. A total
of six independent statistical analyses are defined for those two variables and three ranges of the « parameter, defined
as the ratio of those masses. The background is obtained by fitting a parametric function directly to the data in the SR in
those six scenarios, and good agreement is found. One of the distributions is shown in Fig. 32(b).

7.1.5. Summary of lower limits on the masses of Z' and W' resonances
For most of the analyses described in this section, limits are set on the production of Z’ or W’ bosons. Table 3
summarizes the lower limits placed on the mass in the various models.
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Fig. 32. Distributions of two of the relevant invariant masses in the (a) multi-body search [175] and (b) the Y — XX — jjjj analysis [177]. The
background estimate obtained using a parametric fit is shown in both cases.

Table 3

95% CL lower mass limits obtained in various analyses for different models predicting new
heavy vector bosons W’ and Z’, whose decay modes and branching ratios are determined
by the model or the model parameters (see the text for more details).

4 Analysis final state Observed lower Section
limit on my
[TeV]
Zis bb 2.7 [79] 7.1.1
ee -+ uu 5.1 [155] 7.1.1
Wism qaq 4.0 [79] 7.1.1
ev + uv 6.0 [156] 7.1.1
v 5.0 [157] 7.1.1
z, ee + up 4.5 [155] 7.1.1
Zio tt 3.9 [168] 7.1.3
Zloy bbbb 1.45 [171] 7.13
W(g'/g = 1.0) th 4.6 [169] 7.1.3
Wiy (model A) WZ — XXqq 3.9 [164] 7.1.2
W/yr (model B) WZ — XXqq 43 [164] 7.1.2
W/ (model C) WZ — evee 0.34 [166] 7.1.2
Zlyr (model A) WW — fvqq 3.5 [164] 7.1.2
Z}yyr (model B) WW — fvqq 3.9 [164] 7.1.2

7.2. Contact interactions

Searches complementary to those for resonances, and looking for broad excesses in the tails of invariant mass
distributions, are performed as a test for a four-fermion contact interaction (CI) approximating new physics at a scale A
with coupling g*. The value of A can be much higher than the pp collision centre-of-mass energy, extending the sensitivity
of the LHC to mass scales well beyond its direct reach.

In the dilepton final state [178], the same selection criteria as the ones reported for the resonant search (see
Section 7.1.1) are used, and the background is fitted with the same functional form, but only considering the data in a
low my, region which forms the CR. The fitted function is then used to extrapolate to the expected number of background
events in a single inclusive bin at high my, which forms the SR. The boundaries of the CR and the SR are optimized for
sensitivity for each of the four scenarios considered: a CI with constructive or destructive interference with the SM, in the
ee and pu channels. An example is shown in Fig. 33(a) for the ee constructive interference channel, where a slight but
non-significant excess is seen. Lower limits are set on A for various assumptions about the chirality of the quarks and
leptons in the ggq¢¢ interaction. Combining the two lepton channels, they are as high as 35.8 (28.8) TeV in the constructive
(destructive) interference scenario.

A more specific bs¢¢ CI, inspired by lepton-flavour anomalies [179], is the target of another search [180], with
independent ee and uu spectra drawn for the cases in which there is no b-tagged jet or exactly one b-tagged jet in
the event, the latter being shown in Fig. 33(b) for the dimuon case. The background in this case is estimated using CRs,
built at lower my, values for the Z+jets background and by selecting two b-tagged jets for the top-related backgrounds. As
in the leptonic W’ search discussed in Section 7.1.1, some fit-based extrapolations are needed to populate the higher-mass
bins of the background samples. The fake leptons are estimated using a matrix method. Values of A/g* smaller than 2.0
(2.4) TeV are excluded in the ee (uu) channel.
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Fig. 33. Distribution of my, in the CR (where the data is fitted) and the SR (where the background estimate is an extrapolation from the fit) of
the qq¢¢ CI search [178], shown for (a) the ee channel with constructive interference, and (b) the bs¢¢ search [180] in the up channel with one
b-tagged jet, where the region to the right of the dashed vertical line needs some fit-based extrapolation for the top background.

A similar approach can be followed to construct a non-resonant hadronic search [181], which was completed using a
partial Run 2 dataset recorded between 2015 and 2016.

8. Charged-lepton flavour violation

As discussed in Section 4, neutrinos oscillate, indicating that lepton flavour violation (LFV) does occur in nature.
However, no LFV has ever been seen for processes involving charged leptons, even though no fundamental principles
forbid it. Charged-lepton flavour transitions mediated by neutrino oscillations should occur, but their predicted rate is
negligibly small in the SM (e.g. B(Z — eu) < 4 x 10750),

8.1. Lepton flavour violation in Z boson decay

In some BSM theories, LFV rates can be significantly enhanced by interactions involving new particles such as heavy
neutrinos [182]. It is therefore interesting, given the abundance of Z bosons produced at the LHC, to look for LFV decays
of the Z boson as a probe for new physics, as was done in the Z — eu channel [183] and the Z — et and Z — ur
channels, with the t-lepton decaying leptonically [184] or hadronically [185]. The limits obtained in these channels are
summarized in Table 4.

In the e final state [183], the invariant mass of the Z boson candidate can be reconstructed fully from the visible
leptons: the search can thus look for a narrow signal peak in the invariant mass distribution of the oppositely charged
leptons, restricted to the range 70 < m,, < 110 GeV. The main background comes from leptonic decays of t-leptons
in the Z — tt process, misidentification of a muon as an electron in Z — puu events, or dileptonic decays in ttor
diboson production. While the ttbackground is reduced by rejecting events with a b-tagged jet, jets with pr > 60 GeV,
or E{“iss > 50 GeV, the main background reduction strategy is to use a BDT to select events in the signal region. This BDT
is based on the pr of the leading jet (when there is one), the E{“iss, and the transverse momentum of the electron-muon
system, pi" . Control regions with same-flavour or same-sign lepton pairs are also used to help constrain some of the
background contributions. The resulting invariant mass distribution in the SR is shown in Fig. 34(a), where the data is
seen to agree well with the background predictions. A binned fit of this distribution gives an ey branching ratio value that
is consistent with zero within uncertainties, the systematic uncertainties being dominated by the statistical uncertainty
of the simulated Z — 7t and Z — uu processes.

In the £1h,q channel [185], where £ = e, u and the th,q can be either one-pronged (1P) or three-pronged (3P), the ¢
and th,q are required to have opposite electric charges. The value of mt(thad-vis, E{“iss) is required to be less than 35 GeV
to remove Z — tt and W+jets backgrounds, my,,, ... must be above 60 GeV to be compatible with a Z boson decay, and
no b-tagged jets must be found in the events to reject top-quark-related backgrounds. After these selections, three NN
classifiers for each of the four channels ((£ = e, ) X (thag = 1P, 3P)) are used to discriminate further against W+jets,
Z — tt and Z — ¢££ background processes, respectively. They use low-level inputs such as £ and thaq.vis kinematic
variables and the EM'%, but also higher-level inputs which are properties of the £—7pad.vis—E™ system, such as m&.
To estimate the remaining Z+jets background in the SR, two CRs are used: one for the Z — 77 background (built by
reversing the my and my,,,.,. requirements and requiring m$% to be compatible with the Z boson mass), and one for
the Z — ¢£ background (built by reversing the corresponding NN output requirement). A fake-factor method is used
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Fig. 34. Observed distribution of the final discriminating variables compared to the expected background and example LFV Z signals: (a) the eu
invariant mass in the Z — ep search [183], and the combined NN score in the (b) et(3P) SR of the Z — {1y, search [185] and in the (c) ut. SR
of the Z — £ty search [184].

Table 4
95% CL upper limits on the LFV branching ratio of the Z boson, in the
various ¢¢' channels.

Channel Upper limit on B(Z — €£')
e [183] 2.62 x 1077

et (Thaa [185] and 1y [184] channels 5.0 x 1076

combined)

1T (Thaa [185] and 7 [184] channels 6.5 x 107

combined)

to estimate the remaining background in which a 14,4 is falsely identified. The distribution of the final discriminating
variable in the et(3P) SR, the combined NN score, is shown in Fig. 34(b) along with an example expected signal. Since the
data does not deviate significantly from the expected background in the SR, limits are set on the LFV Z boson branching
ratios, combining them with the Run 1 results [186].

These results can be improved significantly by also examining the £z,» channel [184], in which the leptonic 7, — £'+2v
decay is considered instead. In this search, the two light leptons £ and ¢’ are required to have different flavours and
opposite electric charges and no th,q candidate must be found, in order to remain orthogonal to the £1,,q channel. As
in the hadronic channel, a b-jet veto is imposed, and similar variables, based on the leading and subleading leptons (£
and ¢;), are used to reject backgrounds: m(£1, EM*) < 35 GeV and mg,e, > 40 GeV. Furthermore, |A¢(£o, EMSS)| > 1 is
required and, in the pt, channel, the electron pr reconstructed from its track must be compatible with the transverse
energy reconstructed from its cluster, i.e. p%“’d‘/ETd“Ster < 1.1, to reject muons faking electrons. The mﬁ‘;l variable is
also used here, built with the same collinear assumptions for the 2v system as made for the single v in the hadronic
channel. The main background comes from dileptonic Z — tt — £¢' + 4v, with some contribution from tt and diboson
production. Three NN classifiers are built to discriminate against these, and their combined score” is used to select the
events in the SR. AZ — tt CR is built by reversing its corresponding NN score, and a fake-factor method is used to
estimate misidentified-lepton background. The combined NN score used as the final discriminant in the uz, channel is
shown in Fig. 34(c), where it is compared with the predicted background and an LFV signal. Since no excess in data is
seen in this search, limits are set on the Z LFV branching ratios, combining them with the hadronic channel limits.

8.2. Lepton flavour violation in the decay of a heavy Z’

A new gauge boson Z’, as introduced in Section 7, could also have LFV decays. The three final states eu, ety and
L Thag Were therefore probed at high mass in a search for such a signal [187], by requiring that the invariant mass of
different-flavour, opposite-sign leptons be above 600 GeV and that these leptons be back-to-back in the transverse plane.
Since the 1y,,4 in this search are more boosted than the ones in the Z boson LFV search discussed in the previous section,
the collinear approximation used to assign a four-momentum to the neutrino from the t decay is even more justified
here and is used to reconstruct the invariant mass, significantly improving its resolution.

5 The combined score is computed as 1 — ,/(1/3)2i3:1(] — NN;)?, where NN; are the individual scores.
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The irreducible background in each channel is dominated by ttand WW production. In the SR, the ttbackground is
reduced by rejecting events with b-tagged jets, a criterion which is reversed to build a CR for this background. A WW
CR is built by reversing the A¢(¢, £') selection in the ex channel. In the channels involving .4, such WW CRs would
suffer from too large a contamination from fake leptons and are not used. Instead, the correction factor k that needs to
be applied to the WW simulation in a given 14,4 channel is extrapolated from the one obtained in the eu channel, by
multiplying it by the ratio of the correction factors obtained in the tTCRs: ki)™ = k%  x k:%” Johad /KX, this extrapolation
being applicable due to lepton-flavour universality. The reducible fake-lepton backgrounds are estimated using either a
matrix method in the e channel or dedicated CRs enriched in W+jets events in the etp,g and wthag channels.

In each of the three channels, the total uncertainty is dominated by the statistical precision, and a binned profile-
likelihood fits is performed on my,. Since the data agree with the expected background, limits are set on the Z’ mass,
assuming an SSM benchmark augmented with one non-zero LFV £¢’ coupling at a time, which is taken to be the same as
the corresponding £¢ coupling. The observed (expected) lower limits placed on my are 5.0 (4.8), 4.0 (4.3) and 3.9 (4.2) TeV
for decay into e, et, and ut, respectively.

9. Hidden sectors leading to long-lived neutral particles

In models with a hidden (or dark) sector, new particles which are neutral under the SM gauge groups are introduced;
these particles can potentially interact between themselves via new interactions in which the SM particles are neutral. The
SM and dark particles thus exist in parallel and can only communicate through a mediator (or portal): this mediator can,
for example, be the SM Higgs boson or a new scalar, pseudoscalar, vector or axial-vector particle carrying a double SM-
dark charge (i.e. a bi-fundamental mediator) or mixing with a SM particle with small probability. These models can often
offer candidates to explain the nature of dark matter, which is the focus of Section 10. The present section instead focuses
on hidden sectors for which the very small coupling to the SM through the portal of interest leads to neutral long-lived
particles (LLPs) which decay at some point in the detector. This leads to very distinctive signatures which are sometimes
more akin to detector noise or beam-induced background than to SM processes from the pp collisions. Decays of the Higgs
boson into such LLPs are predicted in multiple BSM theories, such as some models with neutral naturalness [188,189].
Here, neutral LLPs produced through a Higgs or Higgs-like portal are the subject of four different searches: for dark-photon
jets [190,191], for a long-lived pseudoscalar via displaced decay vertices in the inner detector [192], and for a long-lived
scalar via displaced jets in the calorimeter [193] or in the muon spectrometer [194].

9.1. Search for dark-photon jets

The long-lived particle can be a light dark photon (y4) which would have a small but non-zero value of the parameter
€ for mixing with the SM photon. It would therefore decay into leptons and light quarks with branching ratios and a
lifetime determined by its mass and €. They would be pair-produced through a Higgs boson decay, either directly as in
the Hidden Abelian Higgs Model (HAHM) [195], or through a more complex chain involving other dark-sector particles
as in the Falkowski-Ruderman-Volansky-Zupan (FRVZ) model [196,197] (see Fig. 35(a)). Due to their small mass, dark
photons would be highly boosted: their decays would be seen as jet-like structures composed of a collimated group of
fermions, called dark-photon jets. Three Higgs boson production modes are considered and combined: gluon-gluon fusion
(ggF) and WH [190], and VBF [191].

If the displaced y4 decays into a pair of muons, it can be seen as a muonic dark-photon jet («DPJ), i.e. collimated stand-
alone muon spectrometer (MS) tracks which are not matched to a prompt muon and are not close to a jet. Cosmic-ray
muons in time coincidence with a pp collision can be an important source of background for «DPJs: a DNN is trained to
discriminate between simulated signal and a cosmic-ray-enriched dataset collected during empty bunch crossings, using
as inputs the MS track position, direction and timing. A displaced y4 decaying into electrons or quarks can be seen, for an
appropriate range of lifetimes, as a calorimeter DPJ (caloDPJ), i.e. a jet with an unusually low EMF, the fraction of its total
energy that is deposited in the EM calorimeter. To select caloDPJs efficiently, the cleaning selections which are usually
applied to jets are relaxed, e.g. by removing the usual JVT or EMF criteria. Other selections are applied, such as a timing
requirement to remove cosmic-ray muons or beam-induced background (BIB). Multijet events can also mimic caloDPJs:
a ‘QCD’ NN is therefore trained on MC signal and background events, using as inputs the shape of the calorimeter energy
deposits associated with the jet. These inputs are also used to train another NN against a BIB-enriched dataset, collected
with a dedicated trigger. The reconstruction of «DPJs and caloDPJs is illustrated in Fig. 35(b).

Events without leptons are then selected for the ggF [190] and VBF [191] categories, while events with one lepton are
used for the WH category [190]. In the ggF and VBF SRs, dedicated uDP] triggers are used in combination with E{“‘SS (VBF)
or low-EMF (ggF) triggers, while lepton triggers are used for WH. In the ggF SRs, two DPJs are required. Besides the use
of the NNs mentioned above, selections are made on the azimuthal separation A¢ppys of the DPJs and their timing, and
they are required to be ID-isolated: the scalar sum of the py (X'pr) of all inner-detector (ID) tracks found close to the DPJ
direction must be small. In the WH SRs, the events are required to have at least a minimum amount of Ef" and mr, and
no b-tagged jet. Events are further separated into those having only one caloDP] (in which case the mr requirement is
increased to reduce the W+jets background), two or more caloDPJs, or a mix of caloDPJ and uDPJ. Besides the use of the
QCD NN, timing, low-JVT and low-width selections on the caloDPJ, an upper limit is placed on the minimum A¢(DPJ, EMs*)
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Fig. 35. (a) Example of dark-photon production and decay in the FRVZ model, where f; are dark-sector fermions and HLSP is the hidden lightest
stable particle. (b) Illustrations of «DP] (left) and caloDPJ (right) reconstruction. (c) Exclusion at 90% CL in the plane of the kinetic mixing parameter
€ versus the yq4 mass for different values of the H — 2y4 branching ratio obtained in the search for dark-photon jets [190,191] in the context of
the FRVZ model, compared to other exclusions (see the text).

value. In the VBF SRs, the special production topology is selected by requiring a pair of highly energetic jets separated
by a significant gap in 5, resulting in a large value of mj;, besides requiring some E{“iss and vetoing on the presence of
leptons or b-tagged jets. This reduces the SM background relative to the other channels, allowing selected events to have
a minimum of only one DPJ, which must be ID-isolated and central, and either be neutral (for a «DPJ]) or have a good NN
score (for a caloDPJ).

For each SR, an ABCD method is used to estimate the background. Possible signal leakage from the SR into the other
three regions is accounted for by a simultaneous fit of the signal and background in all regions. In the ggF SRs, the planes
are formed by the larger Xpr value of the two DPJs, and either A¢ppjs or the QCD NN score, the latter also being used for
the caloDP] VBF search. In the WH SRs, they are based on min A¢(DPJ, ET***) and the minimum QCD NN score. For the
VBF uDPJ search, the ABCD plane uses the charge of the wDP] versus its ID isolation.

In all SRs, the data are compatible with the expected background within statistically dominated uncertainties. Limits on
the FRVZ model obtained by combining the ggF, WH and VBF categories are shown in Fig. 35(c) in the € versus m,,, plane
for various H — 2yq branching ratios: for m,;, < 2m,, the sensitivity drops because uDPJs do not contribute anymore,
while above this range the structures seen in the displayed limits depend on the y4 branching ratios, as decays into QCD
resonances significantly alter the sensitivity. The figure also shows the complementarity of that search to a previous Run 1
ATLAS search for prompt dark photons [198], which was able to exclude larger couplings, and also to the jet+E{rliss analysis
that is discussed in Section 10.1.1, which is able to rule out lower couplings at intermediate masses for a large branching
ratio, and to non-ATLAS searches [199] which exclude lower masses/couplings when some assumptions are made about
the interactions.
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9.2. Searches for long-lived scalars or pseudoscalars in the decay of a Higgs-like boson

9.2.1. Looking for decays in the inner detector

This search [192] focuses on a simplified model in which two new long-lived pseudoscalars a are produced in the
decay of the Higgs boson and then decay via the a — bb modeS within the inner-detector volume, leading to DVs. In this
model, the proper lifetime and mass of a are free parameters. The Z(— ¢¢)H production channel is investigated because
the two leptons offer a highly efficient trigger and selection strategy. Searches for prompt a decays were also pursued,
using a partial Run 2 dataset, and are reviewed in another report.

Standard and LRT tracks (see Section 4.1) are used to reconstruct the DVs. Tracks which are too loosely associated with
the DVs are removed and some quality requirements are applied to the DVs: they must be within the inner tracker but
not within known detector material, have a good x?2/ngor vertex fit, have at least three tracks including at least one with
transverse impact parameter |dg| > 3 mm, and be within AR = 0.6 of one of the four leading jets. Vertices due to random
track crossings are suppressed by requiring m/ARnya.x > 3 GeV, where m is the vertex mass and ARp.y is the maximal
angular separation found between any given track and the combined momentum of the remaining vertex constituents
when removing this track.

Events are selected by requiring two OS same-flavour leptons with an invariant mass compatible with the Z boson,
at least two jets, and at least two DVs matched to different jets. Furthermore, one of these two jets must have low
track activity: the ratio of the pr of all its geometrically-matched prompt tracks to its total pr must be low, and
it must be mostly geometrically matched to tracks which have a low probability of being compatible with any pp
collision PV candidate i, based on a measurement of pl* "™ /p2 1 "™ ‘A (R is defined by reversing the DV multiplicity
requirement; it is used to compute a probability for a jet to be matched to a DV, as a function of the jet kinematics and
properties, and this probability is used to estimate the number of background events in the SR, which is predicted to be
1.30 + 0.08 (stat.) + 0.27 (syst.). Zero events are observed in the SR, and limits on the branching ratio of H — a — bbbb
are set as a function of the proper lifetime of a for various a mass scenarios, as shown in Fig. 36(a).

9.2.2. Looking for decays in the calorimeters

Searches are also conducted for a hidden sector which is connected to the SM via a heavy scalar boson @ which decays
into two long-lived scalar particles s. While & can be the Higgs boson, the search also considers ¢ masses ranging from
60 GeV to 1 TeV and s masses from 5 to 475 GeV, with s decaying into SM fermions. In this model the couplings of s to
SM fermions are determined by the Higgs boson’s Yukawa couplings through mixing, so s decays preferentially into the
heaviest SM fermion pair which is kinematically accessible, thus usually favouring hadronic decays. The signal models
considered assume gluon-gluon fusion (ggF) production of @. An illustration of a @ — ss production with the long-lived
s decaying either in the muon spectrometer or the hadronic calorimeter is shown in Fig. 36(b) in the transverse plane of
the detector.

A search for @ — ss with s decaying mainly in the calorimeters is performed [ 193], each s being reconstructed as a jet
which is narrow, trackless and has a low EMF value, a signature which is similar to that of the calorimetric dark-photon
jets (caloDPJs) previously discussed in Section 9.1. Two SRs labelled low-E7 or high-Er are designed, targeting a value of
me below or above 200 GeV, respectively.

The events are selected using a low-EMF jet trigger and are required to have at least two jets after applying, like in
the dark photon (j4) search, a modified cleaning algorithm where, in this case, the jet EMF requirement is removed.
Furthermore, the jets must be trackless, ensured by requiring X ARpin(jet, tracks) > 0.5, where the sum runs overs
selected jets which have pr > 50 GeV and ARy, (jet, tracks) is the angular distance between the jet and the closest
PV-associated track with pr > 2 GeV.

These jets are then tagged using two complex NNs (low-Et or high-Er) which are trained using three samples: a
sample of MC signal events (low-Er or high-Er), a sample of SM multijet events taken from a dataset of events passing
a jet trigger but failing the low-EMF trigger, and a BIB sample, collected with a dedicated trigger. The inputs to these
per-jet NNs are low-level jet information concerning the jet-associated tracks, calorimeter-energy topological clusters,
muon-spectrometer track segments, and general kinematics; each NN outputs three scores to classify these jets as either
signal-like, multijet-like or BIB-like.

At event level, a BDT is then trained to further discriminate between BIB and signal events, separately for the low-Et
and high-Er cases, using as input variables not only the per-jet NN scores but also event-level kinematics such as the
angular distance between the signal jet candidates, or Hy™* /Hr where Hr™* is the magnitude of the vectorial sum of
the jet pr while Hy is the scalar sum of the jet pr. A selection on the BDT output is then made along with other selections,
including one on the jet timing, to further suppress the BIB and ensure that the only significant remaining background
consists of multijet events. Once this is done, the low-Er and high-Er SRs are defined by final selections on Hr™**/Hr, the
EMF of the signal jets, their pr, and the product of the two highest per-jet NN signal scores.

An ABCD method is used to estimate the background, using ARy, (jet, tracks) and the low-Er or high-Er BDT event score
as the uncorrelated variables. After the fit to the four regions, the 22 (23) observed data events in the low-Er (high-Et)
SR agree well with the 18.8 & 3.5 (20.6 £ 4.0) estimated background events. Limits are then placed on the cross section
times branching ratio of the mediator’s decay @ — ss as a function of the s lifetime for various masses of @ and s, an
example of which is shown in Fig. 36(c) for the case in which @ has a mass of 60 GeV.

6 This decay should be dominant when kinematically accessible if a mixes with the Higgs boson and inherits its Yukawa couplings.
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Fig. 36. (a) Upper limit on the branching ratio of H — a — bbbb obtained as a function of the proper lifetime of a for various mass hypotheses in
the displaced vertex analysis [192]. (b) Example of an LLP pair production followed by their decay, with one LLP decaying in the MS and the other
one at the end of the hadronic calorimeter, with no additional detector activity. (c) Observed upper limit on the cross section times branching ratio
of the mediator’s decay @ — ss as a function of the s lifetime for a @ mass of 60 GeV and two s masses as obtained by looking for decays in the
calorimeters [193] and the muon spectrometer [194]. For clarity, parts of the exclusion curves outside the most sensitive region are omitted.

9.2.3. Looking for decays in the muon spectrometer

A search was also performed to look for s decaying in the muon spectrometer [ 194]. These decays would be seen as DVs
in the MS. A dedicated algorithm is used to reconstruct the MS DVs [200]. In the MS, MDT chambers consist of two sets
(called multilayers) of three of four layers of drift tubes. Hits in the multilayers can form track segments, and segments
coming from the two multilayers can form tracklets. Displaced vertices are formed from clusters of three tracklets in the
barrel, or four in the endcaps.

After passing a dedicated MS-based trigger, events are selected by requiring at least one MS DV which must be
geometrically matched to the MS cluster found by the trigger. If two trigger MS clusters are found, two MS DVs must
be matched. Requirements are also made on the position in 7 and the transverse decay radius L, of the DV in order to
reduce the background, which is dominated by punch-through jets, i.e. jets which are not fully contained in the calorimeter
volume and create tracks in the MS. Since signal events are expected to have many more hits than a reconstructed MS
DV in a background event, the number of hits found in the MDT and the RPC or TGC in a cone around the DV must be
high. To reduce the background, the DVs are also required to be isolated from any significant activity in the ID, and from
any large-EMF jets. In the SR, at least two isolated DVs must be found, well separated in AR.

The remaining background is estimated in a data-driven way. This background is dominated by events in which there
are two isolated DVs, but only one MS cluster found by the trigger. These events are estimated by counting the number
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of events in a CR in which there is only one isolated DV and it is matched to the only MS cluster, and weighting them by
the probability to find another, unassociated DV which is unmatched to any MS cluster. This probability is measured in a
dataset selected with a zero-bias trigger, by dividing the total number of unmatched DVs by the total number of events.
Background events in which there are two DVs matched to two MS clusters are also estimated in a data-driven way, but
give a much smaller contribution. In the SR, the expected background is 0.32 &+ 0.05 events and zero events are observed.
Limits are set in the same planes as for the calorimeter-based search, as shown in Fig. 36(c). The MS search excludes
smaller branching ratios than the calorimeter-based search, but the calorimeter-based search probes lower lifetimes, as
expected.

10. Dark-matter candidates

The nature of dark matter (DM), whose existence is supported by a variety of astrophysical and cosmological
measurements [201-208], remains one of the biggest puzzles in modern physics. Should DM be a particle interacting
weakly with SM particles, it could be possible to detect it in various ways: directly, via elastic scattering of the local DM
by nuclei or electrons in a low-background detector [209-224]; indirectly, by the detection of their annihilation or decay
products in the universe [225-233]; or by producing them at colliders, which is the way explored here.

Weakly interacting massive particles (WIMPs), often denoted by yx, are a class of DM candidates of particular interest
for the ATLAS experiment. With a DM particle mass close to the electroweak scale and an interaction strength with SM
particles of the order of the weak interaction’s strength, they could be readily pair-produced at the LHC. They are also
cosmologically interesting as indicated by the so-called WIMP miracle [234]: with these mass and coupling scales, the
right relic density can easily be achieved via a freeze-out mechanism in the early universe.

Once pair-produced in proton-proton collisions the WIMPs, since they interact only weakly and are stable, would only
be detectable through the presence of missing transverse momentum: thus, to be detected, some visible particles must
also be produced in the interaction in order to measure this pr imbalance. These visible particles can come from a chain
of decays ending in the WIMP particles, such as in R-parity-conserving supersymmetric scenarios [112,235-237], or from
initial-state radiation (ISR) in a simplified model of DM pair production, to name but two examples.

This section focuses on searches guided by simplified models of DM, produced through a vector, axial-vector,
pseudoscalar or Higgs portal, largely following the work of the DM Forum/LHC DM Working Group [238-241]. While
in Run 1 most DM searches were based on an effective field theory approach in which the DM candidates are produced
in pairs through a contact interaction, this approach is not valid when the typical momentum transfer in the collisions
reaches the scale of the interaction; the simplified models considered in Run 2 alleviate this validity issue. The constraints
placed on these models by some of the DM searches introduced here are also compared with those from direct-detection
experiments. A more exotic model, in which DM is a composite stable particle of a strongly interacting hidden sector
is also discussed. A stable WIMP which can be a DM candidate often features in supersymmetric models that conserve
R-parity; a thorough review of ATLAS searches for supersymmetry can be found elsewhere [5].

10.1. Vector or axial-vector portal

In order to search for DM at the LHC, some interactions between DM particles and SM particles must be assumed.
Here, the focus is on a simplified model in which the DM candidate is a Dirac fermion and the DM-SM interactions are
due to a new U(1) symmetry under which they are charged. Five free parameters are considered: the mass of the new
vector (Z,,) or axial-vector (Z,) mediator, mz, the mass of the DM candidate, m,, and the coupling of the Z’ to the quarks,
&, to the DM candidate, g,, and to the charged and neutral leptons g, where the couplings g, and g, are assumed to
be universal in flavour. The width of the mediator is taken to be the minimum width allowed given the couplings and
masses.

The searches looking for such V/A-mediated DM pair production then rely on the presence of an ISR gluon [242],
photon [243], or Z boson [244], as shown in Fig. 37(a). While the first two searches are presented in this section, the
Z boson one is instead discussed in Section 10.3.3, as its impact in the Higgs-portal model is more important than in
this ISR-based model. Since g; must be non-zero for the LHC to produce DM, and because g, could also be non-zero, the
resonant searches (see Fig. 37(b)) presented in Section 7 also put interesting constraints on these models, as shown in
Section 10.1.3.

10.1.1. The jet+EM™S* analysis

Since gluon emission dominates ISR production, the jet+E{rliSS search [242] has a very broad range of applicability which
also probes other DM models such as the one in the invisible-Higgs search (see Section 10.3), or exotic models related
to gravity (see Section 12), amongst others. The analysis, based on a E{“iss trigger, requires the presence of at least one
high-pr small-R jet along with a large value of E{“iss. Although this analysis is often dubbed ‘mono-jet’, this is not a faithful
description as the selection does allow up to three additional jets to allow for extra radiation, and to reduce the associated
modelling systematic uncertainties. The selected jets are required be well separated from the E‘T“iSS direction to reduce the
background due to mismeasured multijet events, with a larger separation required in events with the least E{“iss, which
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Fig. 37. Production, through a V/A portal in the s-channel, of (a) a DM pair along with ISR or (b) a fermion pair, and (c) measured distribution of
piecoll in the SR of the jet+EM search [242] compared to the expected background and some exotic-model signals (including an A-portal DM model
with (g, g, &) = (0.25, 1,0)).

are more problematic. Finally, events are vetoed if they contain identified electrons, photons, muons or t-leptons. To
increase the sensitivity, the SR is binned in E{“iss.

The main SM background comes from Z(— vv)+jets, along with a significant contribution of W(— £v)+jets events
in which the lepton is not identified. Much smaller contributions come from Z(— ¢£)+jets, top-related and diboson
processes; the multijet and non-collision backgrounds are determined in a fully data-driven way, but are found to
contribute at a level of at most 1.2% in the lowest E{“iss bin. Five CRs are built by reversing the lepton veto, requiring
exactly one electron or muon with an my value compatible with a W boson, for the two W(— £v)+jets CRs and the
combined ttCR, or exactly two electrons or muons with an my, value compatible with the Z boson for the Z(— ££)+jets
CRs. By either vetoing or requiring events with a b-tagged jet, the W(— £v)-+jets CRs are separated from the ttCR.
Further selections based on the EMss and jets are applied in the 1e CRs to suppress the multijet background. Finally, the
Ef™s® distribution of these backgrounds in the SR, arising from neutrinos or unidentified charged leptons, is mimicked by
computing an E{“iss Proxy (p}ec"“), effectively treating the charged leptons as invisible.

Instead of using the Z+jets and W+jets CRs separately to constrain their respective backgrounds, the uncertainties are
reduced by using the four W and Z CRs simultaneously to constrain the main Z(— vv)+jets background. This is made
possible by a careful study of the correlations between the QCD corrections to the Z+jets and W+jets processes, with
dedicated high-order QCD and electroweak parton-level predictions [245] provided separately for W+jets, Z(— ££)+jets
and Z(— vv)+jets as a function of the vector boson’s pr. These are used to reweight the SHERPA 2.21 Z+jets and
W+jets MC event samples, leading to a good description of their respective and relative p%ec"“ distributions. Because of
this, the simultaneous binned-likelihood fit of the five CRs needs only three background normalization factors to adjust
the MC-based expectations to the data across all bins: a common one for the W+jets and Z+jets backgrounds, one for
the ttbackground and one for the single-top background. This advanced background estimation method leads to much
reduced systematic uncertainties, at the level of 1.5%-4.2%, depending on the bin. The dominant remaining uncertainties,
besides those in the V+jets predictions, are those related to the electron, muon and jet identification and reconstruction
efficiencies. The resulting p}ec"“ distribution in the SR after a simultaneous fit to all regions is shown in Fig. 37(c). Good
overall agreement between the data and the background prediction is obtained, so limits can be set, as is shown in
Section 10.1.3.

10.1.2. The y-+E™ analysis

This analysis [243] looks for a final state in which there is a well-identified high-pt photon, on which the trigger is
based, and a large and significant amount of E{‘“SS in a direction well separated from the photon (and an eventual extra jet).
The photon must loosely point back to the PV to suppress the non-collision background, and a veto on leptons (e, u, )
is imposed. The SR is binned in E}“iss to improve the sensitivity. The main backgrounds stem from a Z(— vv) boson, or
a W(— ¢£v) boson where the lepton is missed, produced in association with a photon. Smaller contributions are also
expected from y+jet events, especially in the lower E[ bin, and from electrons or jets falsely identified as photons.
While the fake-photon backgrounds are estimated in a fully data-driven way, Vy CRs are constructed by inverting the
lepton veto, and a y+jet CR is defined mainly by reversing the E{“iss requirement. Good agreement between data and the
expected background is seen in the SR, within uncertainties dominated by the statistical precision.

344



The ATLAS Collaboration Physics Reports 1116 (2025) 301-385

1.6 T T

= 5 T ] — Dijet = E K 7] — Dilepton
& FATLAS Preliminary 1 138 1" JHEP 03 (2020) 145 & L ATLAS 1 361 07, JHEP 10 (2017) 162
F 7 4 — Fils B 139 b PLB 796 (2019) 68
= 14 Dijet TLA — =
& 1.41V8 = 118 TeV, 2913139 fb B [ — & 1.4\ =13 TeV, 29 1 = Dijet
E S 1 Diet+IsR F 3 B I
£ ] mewimemsems = ] — Dijet TLA
1.2 ] e 1.2 17T e
5 1 wrwiremennas E 1 = b5 resonance
1 5 ] = Boosted di-b + ISR 1= 0 vewtnepoa oo us
E 3 9 8051, ATLAS.CONF-2018:052 F 1 — EP+jet
£ 7 1 = f resonance (1L E 1 109w pro 100 oan) vrzeos
0.8 Y - siwiercn (mvx(] sﬁs' 0.8 I =y
£ ]~ fi resonance (0L) = 1 1391 HEP 02 (2021) 26
C K B 139 157, JHEP 10 (2020) 061 S ]
0611 o ] % 15 resonance 0.6 B
E ¥ : 1 wwimememus E ]
E p 4 —Ereser E ]
040 || | s A p—— 0.4 ]
E i —— £ ]
0.2 F Axial-vector mediator, Dirac DM ‘3;0‘::"[”2‘””215 0.2 F Axial-vector mediator, Dirac DM -
21 9,=025,9=0,g =1 1 E™4viqq) s 9,=01,g=01,g =1 ]
L Alllimits &t 95% GL 1 wiwtmeroen e E Alllimits at 95% CL ]
L . . . = ETee,Z() . . .
0 0.5 1 1.5 2 25 3 3.5 4 1991 L8 020 (2022) 197066 0 25 3 3.5 4
m,, [TeV] m,, [TeV]
(@ (b)
= 1.6 T T T 7 = Diet = 1.6 T T T T T T 7 = Dilepton
é FATLAS Preliminary ] romtumeros oo s Ig [ ATLAS - L7 miwmeroeom e
[ 1 — Dijet TLA Fis= | L7 ] ewieemeeome
% 1.410% = 13 TeV, 29/3-139 b 1 e oo % 1.4F18=[3TeV, 29 +7 4 = oj
E [ 1~ Dijet+ISR E F o L 1 wewisermeom s
1.0H 1 wswimemseoms 1o R / ] — Dijet TLA
e | = Boosted dijet + ISR e s e 1 weswieaLie @om osisor
[ o - 4 ] 361 0™ PLB 788 (2019) 316 [ P ] —bE resonance
1 o2 " = Boosted di-b + ISR 1= &7 O rewtmer oo o) 165
F - ] = tiresonance (11) F < ] D 103 021) 1
0.8H 4 | wimiercmeom s 0.8 — ey
E 1 = firesonance (0L) E P 1 wwetmereees
0.6 F B 139 b, JHEP 10 (2020) 061 0.6 F 7 e
-or] "] = bb resonance or 7
[ 1 towiseroacom s [ ]
[ 1 —Emser [ ]
0.4H / I RS S 0.4~ E
0 2:_ ’ | Vegtor mediator, Dirac DM 7: - ibvﬂgmmma o 2i Vector mediator, Dirac DM j
20 b 9,7025,9=0,g =1 | - gme,y(qq) 21 / g,=01,9=001,g =1
ﬁ - All lignits at 95% CL ] 6.1 10, JHEP 10 (2018) 180 LA _ All limits at 95% CL ]
Al . L L . 1 . ) Eaa . . . .
0 0.5 1 15 2 25 3 35 4 1091, L a2 0z 17005 0 0.5 1 15 2 25 3 35 4
my, [TeV] my, [TeVv]
() (d)

Fig. 38. Regions in the m, versus my plane that are excluded at 95% CL by resonant and X-',—E{niss searches, for the four coupling scenarios
described in the text. Dashed curves labelled ‘thermal relic’ correspond to parameters consistent with a DM density of $2h?> = 0.12 as computed
in MadDM [240,250] when assuming a standard thermal history. (c) For the parameter space above the line, or (a, b, d) in between these lines,
£h? < 0.12. The dotted line indicates the kinematic threshold where the mediator can decay on-shell into DM.

10.1.3. Complementarity of ATLAS searches

The results of the X +E{“i55 and resonant searches are complementary for the V/A mediators [246], as can be seen
in Fig. 38, which shows the observed limits obtained for the individual analyses in the m, versus mz plane for four
benchmarks as recommended in Ref. [240]. The first two benchmarks are for an A mediator which is either leptophobic,
(&g, 85, &) = (0.25,1,0), or has a small lepton coupling, (g, g,,8¢) = (0.1, 1,0.1), while the two last benchmarks
are for a V mediator which is leptophobic, (g4, g,,8:) = (0.25,1,0), or has a much smaller coupling to leptons,
(&4, 8- 8) = (0.1, 1,0.01). The lepton-coupling scenarios differ between the A and the V models, because in the case
of a pure vector, the lepton coupling can be much smaller than the quark coupling, if for example the mediator couples
to quarks and DM at tree level but couples to leptons at loop-level through mixing with SM gauge bosons.

For sufficiently large couplings of the Z’ to quarks or to leptons, the resonant searches are able to exclude the parameter
space up to mediator masses of around 3.6 TeV, as the branching ratio of the Z’ to visible states dominates the sensitivity.
When these couplings are lowered while maintaining a relatively large DM coupling, the region excluded by constraints
from resonant searches starts to shrink, mainly covering the parameter space for which the mediator cannot decay on-shell
into DM, thus making the visible final state much more likely. For the Z/ — qq scenarios, the lowest mediator masses are
excluded by previous dijet resonant searches performed on a partial Run 2 dataset; they avoided the jet trigger threshold
of the high-mass dijet resonance search by either doing the analysis at trigger level [247] or requiring the presence of an
additional ISR object in order to satisfy the trigger [248,249]. Conversely, the X —i—E{“iSS searches cover the region where
the on-shell decay into DM is possible, and in that case are also able to cover very low mediator masses, which is difficult
for the resonant searches because of triggering limitations. However, the X —|—E}’rliSS searches also depend on the value of
8¢, as can be seen by comparing the different coupling scenarios, because the production cross section of the Z’ depends
on that coupling.

10.2. Vector portal with a dark Higgs boson

The simplified model described in the previous section can be extended with a dark Higgs boson s to generate the DM
mass through Yukawa interactions [251]. If m; < m,, a new annihilation channel into SM particles can open, relaxing the
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line correspond to a DM overabundance.

relic density constraints shown in the previous section. In this two-mediator model [252], a Majorana DM candidate is
considered and there are two additional dark-Higgs free parameters: m; and the mixing angle with the SM Higgs boson,
6. This model can lead to an s—i—E{“iSS final state with s — WW /ZZ at high enough ms, as shown in Fig. 39(a). The signal
models considered assume m, = 200 GeV (to forbid the s — x x decay for the m; considered), along with sin6 = 0.01,
g, = 1.0 and g, = 0.25. While the g; and g, values used here are excluded by the resonant Z’ searches in the simplified
model shown in the last section, this does not lessen the interest of looking for the unique s—i—E{“iSS signature of this more
complete model, as the couplings can be varied to relax the constraints.

Two final states are explored: a fully hadronic WW /ZZ final state [253], not described further here, and a more sensitive
semileptonic WW final state [254]. In both analyses, boosted dark-Higgs decays can lead to multi-prong large-R jets. A
track-assisted reclustering (TAR) is used [255], in which the resolution of the reclustered jet substructure variables is
improved by using information from ID tracks which are matched to the small-R jet constituents.

In the semileptonic channel, events must have exactly one lepton with a large value of mr(¢, E}““S), a large and
significant amount of E{“i” and no b-tagged jets, to suppress the ttbackground. A W boson candidate must then be
found with a mass compatible with that boson, and which must not be too far away from the lepton. In the merged
SR, this candidate is given by a two-pronged TAR jet, and in the resolved SR, by a high-pr system of two small-R jets.
The discriminating variable in both SRs is the minimum possible reconstructed mass of the dark-Higgs boson candidate,
assuming that the charged lepton is massless. Dedicated CRs are used to estimate the dominant W+jets and subdominant
ttbackgrounds, built by reversing the lepton-W angular separation requirement or the b-tagging veto.

As no significant excess above the expected background is found, limits are set on the model parameters in the two
analyses, as shown in Fig. 39(b); the semileptonic channel sets the most stringent limits.

10.3. Higgs portal

Another interesting avenue to explore is whether the Higgs boson, the last piece of the SM discovered by the ATLAS and
CMS Collaborations in 2012 [256,257], can act as a portal between DM and the SM via either Yukawa-type couplings or
other mechanisms [258-271]. An exciting signature of this type of interaction would be the decay of the Higgs boson into
a pair of DM particles, if kinematically allowed, leading to an invisible Higgs decay. As long as there is a visible final-state
object, this invisible Higgs decay can be searched for in various Higgs boson production modes: VBF, associated production
with a weak boson (VH) or a ttpair (ttH), or even ggF if one relies on ISR, as shown in Fig. 40. This section covers these
various searches, in increasing order of expected sensitivity, and their combination.

All of the presented results assume that the Higgs boson production cross section is the one predicted by the SM [272-
278] and that the Higgs boson mass is 125 GeV. The invisible Higgs decay is mimicked by using the SM H — Z*Z — 4v
process (which has a 0.1% branching ratio in the SM).

10.3.1. Gluon-gluon fusion

As ggF is the main Higgs boson production channel at the LHC, it would seem natural to start an invisible-Higgs
search with this channel. However, as in the V/A simplified model, this search must rely on an ISR jet against which
the Higgs boson decay products recoil as shown in Fig. 40(a), leading to the jet+E{niSS final state [242] already discussed
in Section 10.1.1. This analysis places a 95% CL observed (expected) upper limit of 0.34 (0.39*19) on the branching ratio

for an invisibly decaying Higgs boson, where the sensitivity is mainly driven by the lower E{“iss region.
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(@ (b) ()

Fig. 40. The various diagrams leading to final states which are probed in the search for a DM Higgs portal: (a) ggF with an ISR gluon, (b) ttassociated
production, (c) Z-associated production, (d) VBF, and (e) VBF with a photon.

10.3.2. Production in association with a ttpair

In order to fully exploit the data, even the ttH production mode can be used; in spite of having the smallest production
cross section, it competes favourably with ggF production when combining [147] the various final states from the two
top decays, which can contain zero [137], one [279] or two [280] leptons. It can also be used in searches motivated by
other DM models, as shown in Section 10.4.

The O-lepton search is described in Section 6 as it is also used as a leptoquark search. However, the DM search combi-
nation [147] extends it with three additional SRs which are able to improve the acceptance for events with lower E}“iss or
lower-momentum objects by relying on a combination of E{“iss and b-tagged jet triggers. This improves the expected
sensitivity to invisible Higgs decay by 12%. The combined observed (expected) upper limit on the Higgs-to-invisible
branching ratio is 0.95 (0. 52*8 fg)

In the 1-lepton channel [279], events must have one electron or muon, at least four small-R jets, of which two must be
b-tagged, sizeable and significant E{“iss, and large mr(¢, E{“iss). An algorithm based on a variable jet radius is used to catch
both the highly boosted and less boosted hadronically decaying top-quark candidates. In order to remove background
coming from dileptonic tt decays in which one lepton is not reconstructed, a variable called topness [281] is used, based
on top quark and W boson mass constraints and considering an invisible lepton candidate. The SR is split into four bins
in Adb(p;“iss, ¢) and the dominant dileptonic tt and tt + Z backgrounds are estimated through dedicated CRs, built by
either reversing the topness requirement, or requiring more leptons. This search is expected to be less sensitive than the
0-lepton channel, but its observed limit is found to be slightly more stringent: at 95% CL, the observed (expected) upper
limit on the branching ratio is 0.74 (0.80"330).

The most sensitive ttH channel is the 2-lepton one [280], which requires two opposite-sign leptons (electrons
or muons) along with at least one b-tagged jet and a significant amount of E{“iss. Furthermore, the azimuthal angle
A¢b005t(pm‘55, b""St) must be smaller than 1.5, where p'§°°5t is defined as the vectorial sum of the p'TniSS and the pr of
the leptons. The events are then separated depending on whether they contain same-flavour leptons (incompatible with
the Z boson mass), or different-flavour leptons. The discriminating variable, in which the SR is binned, is mr,. The main
backgrounds after all requirements, ttand tt + Z events, are estimated using dedicated CRs, based on ey events at lower
values of mr, or on the presence of three leptons, respectively. The data agree well with the background expectations, as
shown in Fig. 41(a): the observed (expected) upper limit on the Higgs-to-invisible branching ratio is 0.36 (0.40“_“3:}2) at
95% CL.

Combining the three ttH channels increases the sensitivity further: the combined expected limit is 0.307 53, with an
overall uncertainty dominated by the statistical precision of the data. The observed value of 0.38 agrees well with the
expected limit.

10.3.3. Production in association with a Z boson

The Z(— ¢£)H channel puts even more stringent constraints on the Higgs-to-invisible branching ratio [244]: the
leptonic trigger allows the analysis to probe E{“iss values which are not as high as in the jet+E{“iSS analysis, thus increasing
the sensitivity of the search to this particular signal, and the larger production cross section and relatively clean final state
provide better sensitivity than the ttH channel. This analysis is also sensitive to other DM signals (see Sections 10.1 and
10.4).

Events are selected by requiring exactly two opposite-sign electrons or muons with an invariant mass compatible with
a Z boson. Since the leptons should recoil against an invisible Higgs boson, their angular separation should not be too
large, and the events should have a large and significant E{“iss. In order to increase the sensitivity further, the SR uses a BDT
which is based on eight kinematic variables. After this selection, the dominant background comes from the ZZ process,
followed by WZ, Z+jets and smaller non-resonant backgrounds (WW, tt, single-top and Z — 7). Three CRs are used: an
e CR to constrain the non-resonant backgrounds, a 4¢ CR to estimate the ZZ contribution, and a 3¢ CR to estimate the
WZ background. The Z+jets contribution is taken from MC simulation, but verified in a validation region reversing the
requirement on SEmlSs The resulting BDT output distribution is shown in Fig. 41(b).

The best-fit nggs -to-invisible branching ratio is found to be (0.3 & 9.0)% where the uncertainty is dominated by the
ZZ modelling uncertainties and the ]ets/Em‘SS—related experimental uncertainties. The observed 95% CL upper limit of 0.19
set on the branching ratio coincides with the expected limit.
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10.3.4. Vector-boson fusion

The most sensitive channel in the search for a DM Higgs portal is VBF production [282], leading to a VBF jets+ES final
state. While this final state differs from the ggF jet+E}11iSS one by the VBF characteristics of the jets, many of the analysis
techniques for the two analyses are similar. After requiring a large E{“iss value and imposing a veto on leptons and photons,
the analysis exploits the VBF signature. In this topology, the two leading jets are usually in opposite hemispheres of the
detector, 5! - 52 < 0, and are more forward, leading to a large separation in pseudorapidity and a large invariant mass.
Unlike the jets in a multijet background event, which are likely to be back-to-back, the expected signal jets must balance
the significant pr of the Higgs boson, leading to a smaller azimuthal separation. As in the jet+E{"* analysis, extra jets
are allowed in the SR to increase the acceptance and reduce the associated modelling systematic uncertainties. However,
given the absence of colour connection between the two VBF quarks, the VBF process has less hadronic activity in the
central rapidity region between the two leading jets. Furthermore, the dijet invariant mass constructed from a jet radiated
by a VBF quark and one of the two leading jets should be small relative to the invariant mass of the two leading jets.
Consequently, up to two extra jets are allowed, but only if they are compatible with the VBF process, i.e. by requiring
both their centrality as defined in Ref. [283] and their dijet invariant mass to be small. Further suppression of the multijet
background is achieved by requiring the pr of the jet system (including jets tagged as pile-up jets by the JVT algorithm)
to be large. The Ef™** soft term is also required to be small to remove W(— uv)+jets events in which the muon is not
identified but is still seen as a high-pt track in the inner detector. Finally, a veto on the presence of more than one b-tagged
jet is imposed to ensure orthogonality with the ttH search described above. This rejects very few events, as the VBF jets
are mostly forward and hence outside the inner-detector acceptance which is used in b-tagging. '

In order to increase the sensitivity, the SR is subdivided into 16 different regions, according to the E{"**, number of jets,
dijet invariant mass, and azimuthal angle between the two leading jets. As in the jet+E{1niss analysis, the main backgrounds
are Z(— vv)+jets and W(— £v)+jets, and the same strategy is used to evaluate them: 1- and 2-lepton CRs are built,
and dedicated NLO theoretical calculations [284] performed in the relevant phase space are used to fix the Z/W ratio,
reducing the statistical uncertainties in the determination of the dominant Z(— vv)+jets background by using all leptonic
CRs simultaneously to constrain it. The smaller multijet background is determined in a fully data-driven way, using two
independent methods because it can come either from jet mismeasurements or from a pile-up jet being wrongly identified
as a VBF jet. Although a smaller component than the V+jets background, unlike in the ggF analysis, the multijet background
is not found to be negligible in all SR bins, as can be seen in Fig. 41(c), representing from 0.4% up to almost 14% of the
total background.

Since no significant excess is seen, an upper limit of 0.145 is set on the branching ratio of invisible Higgs boson decays,
in agreement with the expected limit of 0.103*0 033, where the main uncertainties are related to the data statistics, the
multijet background estimate, lepton identification, and the jet energy resolution.

VBF jets+EPisS+y

The VBF production mode is further exploited, by requiring the presence of an additional photon [285], as depicted
in Fig. 40(e) — the photon veto in the VBF jets+EXS analysis makes these channels orthogonal. Considerations similar
to those described above are used to select events with a large E{“iss, VBF jets and no leptons. Specific requirements are
then made on the photon. Since it is usually radiated from one of the scattering W bosons, it is expected to be produced
within the rapidity gap of the VBF jets, not be too energetic (to remove y+jets background events), be well separated from
the Ef"**, and have a trajectory that, when extrapolated to the beamline, is loosely compatible with the PV (to remove
non-collision background). Finally, a dense neural network is trained using the most significant kinematic features, and
four bins in its output score form the SR. The main Zy +jets and Wy +jets backgrounds are estimated using CRs, built by
reversing the photon centrality requirement or by requiring one lepton in the final state, respectively.

The observed limit set by this analysis on the branching ratio of invisible Higgs boson decays is 0.37, in line with the

expected value of 0.341“8:}3, where the uncertainty is dominated by the data statistics.

10.3.5. Combination of all channels

A summary of the upper limits obtained in the channels described above is shown in Fig. 41(d), along with a
combination of these results alone and with the previous Run 1 results [286]. The Run 2 combination gives an observed
(expected) upper value of 0.113 (0.080%33>)), an improvement of 22% on the sensitivity of the most sensitive VBF jets+Emss
channel. In combination with the Run 1 results, the expected sensitivity is further improved by 4%, with an upper limit at
0.107 (0.077‘:8:3;3). In the Run 2 combination, the leading systematic uncertainties are related to the W /Z+jets modelling

uncertainties; without any systematic uncertainties, the upper limit would improve by 50%.
10.4. Pseudoscalar portal

Another possibility for a DM mediator would be the addition of a pseudoscalar portal. As t-channel interactions via
a pseudoscalar would be suppressed in the non-relativistic limit, the sensitivity of direct-detection experiments in this
case would be very low, so it is especially important to consider this portal at the LHC because it could offer a unique
opportunity for detection.

The model considered here is the 2HDM+a model suggested by the LHC DM Working Group [241], which is the simplest
gauge-invariant and renormalizable ultraviolet completion of the simplified pseudoscalar model initially recommended
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Fig. 41. Measured distributions of (a) mr, in the 2-lepton ttH SR [280] where the SR requirement is shown by the red arrow, (b) the BDT output
distribution in the Z+E{"i5s SR [244] and (c) the yields in each of the CR and SR bins of the VBF jets+E{"iss analysis [282], compared to the estimated
background and an invisible-Higgs-decay signal with a (a) 30%, (b) 100% or (c) 15% branching ratio. The observed and expected 95% CL upper limits
(d) on the Higgs-to-invisible branching ratio for the individual Run 2 analyses, along with the combination of these results alone and with the

previous Run 1 results [286].

by the LHC DM Forum [238], which only contained the DM candidate and the mediator. This model is a type-II two-
Higgs-doublet (2HDM) model [287] to which an additional pseudoscalar a and a fermionic DM candidate yx are added.
After electroweak symmetry breaking, the 2HDM contains five Higgs bosons: a lighter CP-even boson, h, a heavier CP-even
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Fig. 42. Examples of Feynman diagrams leading to various final states expected in the 2HDM+a model: (a) jet+E}“i55, (b) Z+E}niss and h+E‘T“iss resonant

production, (c) Wt+E{“i55, (d) tttt/ttbb/bbbb/tt—s—E{"i”/bb+E{"i55 final states through associated A/H/a production, (e) decay of a SM Higgs boson into
a pair of a-bosons that subsequently decay into fermions or DM, (f) resonant tt or bb production, and (g) thH*(th) production.

boson, H, a CP-odd boson, A, and two charged bosons, H*. While the phenomenology of the model would be determined
by 14 free parameters, some benchmark choices are made in order to match h with the observed SM Higgs boson, to
ensure the stability of the Higgs potential, or to evade electroweak precision measurement constraints. In the end, the
benchmarks are defined by five parameters: the mass of the heavy Higgs bosons, which are taken to be degenerate,
my = my = my=; the mass of the pseudoscalar mediator, m,; the mass of the DM particle, m, ; the mixing angle 6
between the two CP-odd states a and A; and the ratio of the vacuum expectation values of the two Higgs doublets, tan S.
This model leads to a large number of final states which can be probed. Some examples of their production modes are
shown in Fig. 42. The following final states were explored in Run 2, and some are introduced in previous sections: the
ubiquitous jet+EMS* (see Section 10.3.1), Z+EMSS (see Section 10.3.3), h+EM$ [288-290], Wt+EMS [291,292], tt-+EMss
(see Section 10.3.2), tbtb [293], bbbb, tttt, bb and tt (see Section 7). A statistical combination of some of these has also
been performed [294]. In this section, the searches not already discussed in the context of other models are introduced,
and their complementarity in covering the model parameter space is discussed. Since the tbH*(tb) search [293] does not
specifically target this model, but in general the production of a charged Higgs boson in association with a top quark and
bottom quark, as shown in Fig. 42(g), it is reviewed in another report discussing extended Higgs sectors but not here.

10.4.1. The h+ES searches

The 2HDM+a model provides mechanisms in which the h—i—E{“iSS signature could be produced resonantly (see Fig. 42(b)),
making this final state a particularly sensitive probe for this model, unlike those in which the visible object comes from
ISR. Three h+ET™* channels with different Higgs boson decays have been explored, the most sensitive one being the
h(bb)+EMss channel [288], followed by the h(yy )+EMss [289] and h(tt)-+EM™S [290] channels. The two most sensitive
ones are discussed below.

The h(bb)+EMs* channel

Two regions are defined in this search, based on an E{“iss trigger, depending on the expected boost of the Higgs boson:
a resolved region, defined at lower E{“iss values, and a merged region, at higher values. A lepton (e, u, ) veto is imposed
and a minimum angular separation between the E{“iss and the pr of each of the three leading jets is required in both SRs.
The reconstructed Higgs boson mass my, is corrected for nearby muons to improve its accuracy when b-hadrons decay
semileptonically. For better sensitivity, both SRs are binned in E{"***, in the number of b-tagged jets (two or at least three),
and in my,.

In the resolved SR, the Higgs boson candidate is reconstructed from the two b-tagged small-R jets with the highest
pr. It must have a mass loosely compatible with the Higgs boson and a large pr. To remove the multijet background, the
EMs* must be significant. The dominant semileptonic ttbackground is suppressed by using mr(b, Ef"**) built from each
b-tagged jet. Because this background enters the SR when the lepton is missed, the leptonically decaying W boson would
be seen as Ef"**, and this transverse mass would have an endpoint at the top-quark mass, while the signal could have
higher values. Furthermore, as the signal usually contains fewer jets than the background, up to four (five) jets are allowed
when there are two (at least three) b-tagged jets. In the merged SR, at least one large-R jet is required. In order to identify

350



The ATLAS Collaboration Physics Reports 1116 (2025) 301-385

> > T T T T T T > 14F T T T T 5
o 10¢F ATLAS —e— Data =Y E [0) F Low ET*°BDT tight o
o V5=13TeV, 139tb™" = z:HF  ©=3 SMvh O Lt ATLAS b+ ooma 3
~ Signal Region = WiHF B Others 0 F (s=13Tev,139f0" 7 . B
i) 0-lepton >3 b-tag - . . : - Non-resonant Bkg ]
=t 10k 0/t N\ Background Uncertainty [a\) - Fitted Signal 4
' ~ 10— -
q>) I Single top %) - SM Higgs + Non-resonant Bkg —
i} Mono-h 2HDM+a c E Total ]
1k (Ma.ma) = (1000,150) GeV/ 4 o sl —
~7" tanB =10, Gggna = 627 b L1>J E E
6T —
107" H ]
4 =
1072 oF .
1.2 } f t } f t L. =
= o 5 T T T
o 4 2 o Vb e b
< m o T + +
© 0.8 L I I I L I (I‘S ' ) ¢ ' |
o 200 300 400 500 600 700 800 w ° 120 ‘ 140 ‘ 160
ETISS [GeV] [a} m,, [GeV]
(a) (b)

Fig. 43. (a) The measured EMs distribution in the 3-b-tagged resolved and merged SRs of the h(bb)+E™s search [288] and (b) the measured m,,

distribution in the BDT tight signal regions with low EM used in the h(yy)+EMS search [289], compared to expected background and an example
2HDM+a signal.

the b-tagged subjets coming from the Higgs decay, even in highly boosted scenarios, variable-R track-jets are used. [49].
A Higgs boson candidate is identified as the large-R jet if its two leading associated track-subjets are b-tagged, and if its
muon-corrected mass falls in a range loosely compatible with the Higgs boson.

After these selections, the main backgrounds, the ttand W /Z + heavy-flavour (HF) processes, are estimated using 1-
muon and 2-lepton CRs. In Fig. 43(a), the resulting yields measured in data as a function of E{“iss are compared with the
background expectations in the 3-b-tagged SRs. Good agreement is observed in all SRs within the uncertainties, which
are dominated by statistical uncertainties in the merged regions and by systematic uncertainties in the resolved regions,
the latter being mostly affected by the modelling of the ttbackground, the uncertainties in the jet calibration, and the
limited MC sample size.

The h(yy)-+Efs* channel

In this channel [289], the trigger is based on the photon pair. The E“‘lSS requirement can thus be lower than in the h(bb)
channel, covering the parameter space in which a less-boosted nggs boson is expected. The m,, value must be loosely
compatible with the Higgs boson, and each photon must have a sizeable pr/m,, . A lepton (e, i) veto is applied. Given the
low ID activity expected, the PV might not be well selected; to avoid these cases, selected events must not have an E‘T“iSS
value which changes significantly if computed with an alternative NN-based PV algorithm [295]. Four SRs are built: at
low and high E““SS and with looser or tighter purity given by the score of a BDT (which uses SEmlss and the diphoton pr as
inputs). A functional form is fitted in each SR: for the signal and the SM Higgs boson background a double-sided Crystal
Ball function is used, while the non-resonant background is modelled by an exponential function of the type e™r, as
shown in Fig. 43(b) in the low—E{“iSS, BDT tight SR. No significant excess is seen in any of the SRs for any of the signals
considered.

10.4.2. The Wt+E™S searches

The rich phenomenology of the 2HDM+a model also includes the production of a Wt—i—E}‘“iss final state, which can be
produced when an initial b-quark radiates either a W boson (as shown in Fig. 42(c)) or a charged Higgs boson which
subsequently decays as H- — aW ™. Depending on the decay mode of the top quark and the W boson, this can lead to
final states containing zero, one or two leptons, all of which have been explored [291,292].

In the 0-lepton channel [292], at least four jets are required, exactly one of which must be b-tagged and another being
a large-R jet tagged as a W boson. Since the boosted W boson is assumed to come from the H~ decay, the W-tagged jet
and the b-tagged jet must not, when combined, be compatible with a top-quark decay in mass. A large and significant
value of E{"iss is required, which must be well separated from the selected jets. A large value of my(b, E}“i“) is also required
in order to remove the semileptonic ttbackground in which the E{“iss comes from a missed W boson. The SR is binned in
E{“iss to improve the sensitivity. After these selections, the main backgrounds come from V+jets and semileptonic ttevents.

The 1-lepton channel [292] requires the presence of at least two jets, and the requirements placed on the b-tagged
jet, Emiss, SE{_niss and A¢(EMs, jet) are similar to those in the 0-lepton channel. The leptonically decaying W boson can
come from the decay of either the top quark or the H™ in the signal, each case being the target of a different SR (SR!¢P-©°P
and SRMd-©°P) [n SRIEP-P the hadronically decaying W boson can be boosted, so the presence of a W-tagged large-R jet
is required. In SRad-top, at least three jets are required. In both SRs, a large value of my(¢, E"“SS) (compatible with the
top-quark mass in SR“?p ©P hut not in SRP4-©°P) s required, as well as an amr, value above the top-quark mass. Finally, the
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Fig. 44. (a) Number of events found in each of the 0- and 1-lepton channel SRs [292] and (b) E{““S distribution in the 2-lepton SR [292] of the
Wt+E{“iSS search compared to the SM background expectation. In (b), examples of signal distributions are also shown.

two SRs are kept orthogonal by requiring a lower value (SR"4-©°P) or higher value (SR'®**°P) of the invariant mass of the
leading b-tagged jet and the highest-pr jet which is not b-tagged. While the low number of events expected in SR!¢P-©°P
does not allow it to be subdivided further, five bins in E™** are used in SR"4-1°P_[n these SRs, the main backgrounds are
dileptonic ttand either ttZ (in SRP°P) or W+jets (in SRPd-oP),

In the 2-lepton channel [291], the events must contain OS leptons that are incompatible with the Z boson mass
(if they are of the same flavour), at least one jet (well separated from the E{"iss), including at least one b-tagged jet.
The dileptonic ttand ttV backgrounds are reduced by three mass requirements. The first requires a large value of mr,.
The second imposes an upper bound on the minimum invariant mass found by combining the highest-pr b-tagged
jet with each of the leptons. The last one is constructed by assembling the two leptons (£; ) with the two jets with
the highest b-tagging score (j; ;) in all lepton-jet combinations. Assuming they come from top-quark decays, requiring
mj, = min(max(me,j,, Me,j,), Max(my,j,, My,j,;)) to be above 150 GeV suppresses these backgrounds. The main SM
background contributions in this SR are tt, ttZ and tWZ processes, followed by diboson events.

In all these channels, dedicated CRs are used to constrain the main backgrounds. In the 0-lepton channel, 1- and 2-
lepton CRs are defined to constrain the ttand W+jets backgrounds. In the 1-lepton channel, the ttCR is built by reversing
the requirement on amr, and the veto on a second b-tagged jet. In the 2-lepton channel, it is built by reversing the mr, and
mg[ requirements. In both the 1- and the 2-lepton channels, a 3-lepton 3-jet CR is used to constrain the ttZ background.
In the 2-lepton channel, a 3-lepton WZ CR is also built, with a lower jet multiplicity.

The event yields in all SRs of the three analysis channels are shown in Fig. 44. Reasonable agreement is found in all
SRs, the discrepancy seen in the 2-lepton channel being lower than 2.

10.4.3. Exclusions in the 2HDM+a parameter space

A statistical combination of the most sensitive channels, h(bb)—i—E}"iSS, Z(— Z@)—l—E}“‘SS and thH*(tb), was performed
in Ref. [294], which provides an extensive set of exclusion limits. The constraints are evaluated for some representative
benchmark scenarios, in which only one or two of the five free parameters introduced in Section 10.4 are varied at a time,
as shown for some examples in Fig. 45, thus showing some of the complementarity of the searches introduced above. The
value of m,, while having a strong effect on cosmological parameters such as the relic density, has only a limited impact
on the collider searches for m, < m,/2 and is thus not varied in the figures shown here.

In the (mg, my4) plane shown in Fig. 45(a), the pseudoscalar hierarchy is explored, with tan 8 = 1.0 (favouring couplings
to up-type quarks) and sin # = 0.35 (giving small A—a mixing). The exclusion is dominated at lower m, by the h(bb)—i—E{“iSS
and Z(— €€)+E™ss channels, due to the resonant nature of the production mechanism. The Z(— ¢£)+E™S channel is
able to probe lower m, values because a lower E{“iss is expected there, and the h(bb)—}-E{]niSS analysis is based on an E{“iss
trigger. Conversely, the h(bb)—i—E{“iSS channel is more sensitive at higher values of m4 because of a specific increase in the
non-resonant a* — ah production cross section there. At higher values of m,, the tbH*(th) channel dominates; as a direct
search for charged Higgs production, it is relatively insensitive to the value of m,.

In the (tan B8, my) plane shown in Fig. 45(b), a value m, = 250 GeV is chosen to suppress a — tt and thus favour
a — x x. The exclusion is mainly driven by the Z(— €€)+EM* analysis, except at larger values of m, as explained above,
where the h(bb)—}-E{“iSS channel can dominate. The sensitivity of the tbH*(tb) and tttt channels is seen to increase at low
my, for which the heavy-Higgs production cross section is larger, and at low tan 3, as it favours third-generation couplings.
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Fig. 45. Observed (solid lines) and expected (dashed lines) exclusion limits [294] (a) in the (my, m4) plane with sinf = 0.35, tan 8 = 1, m, = 10 GeV
and g, = 1, (b) in the (m,, tan ) plane for sin® = 0.35, m, = 250 GeV, m, = 10 GeV and g, = 1, and (c) as a function of sinf for tanpg = 1,
m, = 200 GeV, m, = 10 GeV, g, = 1 and my = 600 GeV.

Finally, the exclusion as a function of sin 8 is shown in Fig. 45(c), which highlights the interplay between invisible and
visible mediator decays due to the direct dependence of the couplings gana, 8Hza and gu¢ on sin6: the higher values of
sin@ are covered by the Z(— £¢)+ET™° analysis, but its sensitivity at lower sin 6 falls quickly and the tbH*(tb) analysis
becomes dominant. Although less sensitive than the Z(— M)—l—E}“iSS analysis, the Wt—i—E{“iSS channel’s sensitivity becomes
comparable to that of h(bb)+Ef"* at high sin6 values, but the observed limit is weaker due to the small excess seen in
the 2-lepton channel.

10.5. Comparison with direct-detection experiments

While the pseudoscalar portal discussed above would evade direct detection, the limits obtained in the V/A and Higgs
portal models can, with some assumptions, be translated into limits on the WIMP-nucleon scattering cross section and
thus compared with limits obtained by DM direct-detection experiments. As described in Ref. [239], this translation can
be made in the V/A simplified model once the couplings introduced in Section 10.1 are fixed (to (g, g, &) = (0.25, 1, 0)
here). A Higgs or vector mediator would lead to spin-independent scattering, while an axial-vector mediator would lead
to spin-dependent scattering. For a DM Higgs portal, an effective-field theory framework is used [263], where the scale
of new physics is well above the Higgs boson mass, and the DM particle is either a scalar or vector boson or a Majorana
fermion. For a vector DM candidate, some ultraviolet-complete models in which it is the gauge field of a new U(1)’ group
are also considered [296-298]. In these models a dark Higgs boson, with mass m; and mixing angle « with the SM Higgs
boson, is introduced to generate the DM candidate’s mass.

The limits obtained are shown in Fig. 46, where one can see the complementarity of the approaches. The collider
searches presented here are particularly helpful in covering the low-mass region of the parameter space, which is
kinematically easily accessible at the LHC but very difficult to probe in direct-detection experiments because of the very
low induced recoil energies. The invisible-Higgs search can even probe below the neutrino fog limit, the parameter space in
which the neutrino background becomes dominant for direct-detection searches, but it becomes irrelevant for DM masses
above my /2, where the Higgs boson would not decay invisibly. The spin-dependent interaction, which the direct-detection
experiments constrain much less than the spin-independent one, is probed very effectively by the collider searches.
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Fig. 46. Comparison of the limits obtained (a, b) at 95% CL by the resonant and X+EJ'* searches in the V/A model or (c) at 90% CL from the
invisible-Higgs searches [286] with the limits obtained by direct-detection experiments in the plane of (a, c) the spin-independent y-nucleon
scattering cross section versus m, or (b) the spin-dependent x-proton scattering cross section versus m, for different model assumptions. In
(c), besides the direct-detection limits [210,218,299,300], the coherent elastic neutrino-nucleus scattering neutrino fog expected for a germanium
target [301,302] is also shown.

10.6. Strongly coupled hidden sector

If there is a strongly coupled dark sector, its matter fields (the dark quarks) produced from SM particles through a
mediator could hadronize into dark hadrons [303-306]. Depending on the parameters of the models, some dark mesons
would be stable (and be DM candidates) while some would decay back into SM particles either promptly or with long
lifetimes. Two searches for such dark sectors are presented here: one in which there is a bi-fundamental mediator @
which couples SM quarks to dark quarks via the t-channel [307], and one in which the mediator is a Z’ boson, producing
the dark quarks in the s-channel [308]. In both these searches, the models considered imply that the unstable dark hadrons
decay promptly.

In the t-channel production search [307], two jets would be produced in a non-resonant way; since they are composed
of SM particles and invisible dark hadrons, they are known as semi-visible jets [309]. Some E{“iss is thus expected and
could even point in the direction of a jet, a possibility which is usually excluded by azimuthal separation requirements
in other LHC DM searches. The dark QCD parameters of the signal samples are fixed in accord with Refs. [309,310], with
the @qq4 coupling, A, set to 1. The free parameters considered are thus the branching ratio for decay of unstable dark
mesons into stable dark mesons, R;,,, and the mediator mass, me. Since the analysis targets high mediator masses, and
mismeasured jets from the multijet background need to be suppressed, the analysis selects events with E{“iss and Hr
values above 600 GeV. The events must contain at least two jets, with one being A¢ < 2.0 away from the E["'** direction,
and no lepton. Taking j; and j, to be the closest and farthest jets in azimuth from the E{“iss direction, their pr balance,
p?al = |p1(1) — pr(j2)I/(pr(j1) + pr(j2)), and their azimuthal separation are two largely uncorrelated discriminating
variables, which are binned to form nine SRs. The main W /Z+jets and semileptonic ttbackgrounds are constrained using
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Fig. 47. (a) Limits in the (mg, Ripy) plane obtained in the t-channel search for semi-visible (SV) jets [307] and in the jet+E{"iSS search. (b) Limits
set on the cross section times branching ratio for the production of dark quarks through a Z’ mediator as a function of the Z’ mass for one of the
benchmark considered in the s-channel search [308], compared to a theory prediction.

three muon CRs: one with two OS muons, and two with one muon and no or one b-tagged jet. The small multijet
background is normalized in a CR at lower E{“iss and high azimuthal separation. The event yield in the SRs agrees well
with the background expectations, so limits are drawn in the (mg, Riyy) plane, as shown in Fig. 47(a), excluding the region
up to me = 2.7 TeV. At large values of Ry, for which a jet could simply disappear, the jet+Ef** analysis introduced in
Section 10.3.1 complements this analysis, excluding higher mg values.

In the s-channel production search [308], the dark mesons are assumed to decay promptly into SM particles and the
fraction of invisible components is assumed to be negligible, following the benchmark models from Ref. [311] (for which
the lightest dark baryons could still be DM candidates). Due to the double hadronization process (first in the dark sector
and then in the SM), the dark jets considered are typically wider than the SM QCD jets and, for the dark-sector models
considered, have a higher associated charged-particle multiplicity due to the multiplicity of dark mesons produced in
the dark shower and their decays. The analysis thus selects events containing two high-pr large-R jets with high track
multiplicity, and looks for a resonant excess in my;. The smooth my; shape of the dominant SM QCD multijet background is
determined in a data-driven way. Since no significant excess is seen, limits are placed on the cross section times branching
ratio for the production of dark quarks through a Z’ mediator as a function of the Z’ mass, as shown for one benchmark
in Fig. 47(b). In this figure, the limits are compared with theory predictions for given values of g; and g,,, the couplings
of the Z' to SM quarks and to dark quarks, respectively. For the values chosen, g; = 0.05 and g;, = 0.2, this analysis is
able to exclude Z’ masses up to 3.0 TeV for this model, while the Z’ — qq dijet resonance search constraints [79] are
evaded due to the small g, value.

11. Long-lived multi-charged or highly ionizing particles

Long-lived particles need not be neutral like the ones discussed in the last two sections. Indeed, various BSM theories
predict the existence of particles with more than one unit of electric charge.

They can have relatively low charge multiplicity |z|, being known as multi-charged particles (MCPs), such as the two
doubly charged fermions predicted by the almost-commutative model [312], the stable multi-charged technibaryons
predicted in the walking technicolour model [313], or the long-lived doubly charged Higgs bosons predicted in the
left-right symmetric model [314]. In this case, they would behave like higher-mass, more ionizing muons in the detector.

They can also have very high charge multiplicity, being known as highly ionizing particles (HIPs), such as strange
matter [315] and Q-balls [316]. Dirac magnetic monopoles [317] are also classified as HIPs; they have a magnetic charge
Ne/2a ~ 68.5Ne (where N is an integer, e is the electron charge and &« ~ 1/137 is the fine-structure constant), and
an N = 1 Dirac monopole would have an energy loss in the detectors comparable to that of an ion of electric charge
|z| = 68.5.

Searches for these two signatures were conducted as described below, with the MCP search targeting the range
2 < |z| < 7 [318] and the HIP search covering 20 < |z| < 100 [319]. In both cases, Drell-Yan (DY) and photon-fusion
(PF) pair-production processes are considered, following the model described in Ref. [320].

As mentioned above, the MCPs would look like heavy muons with a higher specific energy loss dE/dx in the pixel, TRT
and MDT subdetectors. Since the muon trigger is only sensitive to particles with 8 = v/c > 0.65, due to built-in timing
restrictions, two other triggers are also used: the calorimeter-based E{“iss trigger, which relies on the presence of ISR in the
signal events, and a late-muon trigger which fires in events which have a jet in the current bunch-crossing and a muon
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in the next one. The events are then selected by requiring the presence of a central ID-MS combined muon, which must
be well isolated from other tracks found in the silicon detectors. This isolation criterion is useful for removing events in
which the large ionization loss would be due to multiple particle crossings instead of a unique MCP. Four variables are
then used to build the signal regions: the dE/dx significance, S(dE/dx), in each of the three subdetectors, and fH7, the
number of high-threshold (HT) hits’ divided by the number of low-threshold hits on the track as measured in the TRT.
The S(dE/dx) variables are defined as the difference between the observed signal and the average value expected for a
relativistic muon, divided by its root-mean-square width, where the expected values are measured in a Z — uu control
region. A SR is defined for z = 2, requiring S(pixel dE/dx) > 13, S(TRT dE/dx) > 2 and S(MDT dE/dx) > 4. Since the pixel
dE/dx measurement saturates for higher z values, and the corresponding hits are not recorded, this variable is not used in
the SR defined to target z > 2, which instead requires fHT > 0.7 and S(MDT dE/dx) > 7. In both regions, the background
is estimated in a data-driven way using an ABCD method. In the z = 2 SR, the ABCD regions are defined in the TRT versus
MDT dE /dx plane, while in the z > 2 SR, fHT and S(MDT dE /dx) are used instead. This results in an expected background of
1.640.4(stat.)+ 0.5 (syst.) events in the z = 2 SR, where 4 events are observed, and of 0.034+0.002 (stat.)+0.004 (syst.)
events in the z > 2 SR, where no events are observed.

At higher electric charge multiplicity, a HIP passing through the TRT would not only produce a HT hit in a given straw
but also produce other HT hits in neighbouring straws via the many §-rays it generates. Furthermore, because a HIP is
too heavy to produce a shower in the EM calorimeter, its energy deposit in this detector would remain narrow even
though it is likely to be stopped there. The event selection for such events starts with a custom HIP trigger based on these
properties. The usual tracking algorithms are not used in this search since they can be confused by the multiple §-rays,
and because magnetic monopoles, which are one of the signals targeted in this search, would bend in the r—z (and not
the usual r—¢) plane. Instead, HIP reconstruction proceeds in three steps, illustrated in Fig. 48(a): it starts with an EM
cluster which defines a ¢ direction near which TRT hits are counted; this direction is refined to align with the richest
HT-hits region; and then this new ¢ direction is used as the centre of an 8-mm-wide rectangular road in the barrel (or
a 12 mrad r—¢ wedge in the endcap), which should capture the energy deposited while not including too many pile-up
hits. As in the MCP case, the fraction of HT hits fHT found in the road (or wedge) is used as a discriminating variable.
Another powerful variable in this search is w, which is the average of the three fractions of EM cluster energy found
in the N most energetic cells of the presampler (N = 2) and the first (N = 4) and second (N = 5) layers of the EM
calorimeter, where the energy in each of these layers must exceed some minimum value. The SR is defined by requiring
fAT > 0.77 and w > 0.93. These two variables also form the ABCD plane that is used to estimate the background. After
these selections, 0.15 4 0.04 (stat.) & 0.05 (syst.) background events are expected in the SR, and no events are observed.

Both the MCP and HIP searches allow limits to be placed in the plane of the production cross section versus the electric
charge, as shown for the Drell-Yan production mode in Fig. 48(b). Similar limits are obtained for the PF production mode.
The HIP search is also interpreted in terms of magnetic monopoles: for example, for an N = 1 spin-0 magnetic monopole,
the search excludes masses up to 2.1 TeV (3.4 TeV) in the DY (PF) production mode.

12. Extra dimensions, gravitons and quantum black holes

The ATLAS experiment is also able to explore scenarios trying to bridge the gap between particle physics and gravity.
Multiple BSM theories seek to explain the weakness of gravity relative to the other known fundamental interactions,
sometimes using extra dimensions (EDs) to solve this puzzle [322,323]. If our four dimensions exist on a sheet in a
higher-dimensional space, and if gravitons, the hypothetical spin-2 mediators of gravity, are able to propagate across
these EDs, then gravity could appear weaker than it actually is.

12.1. Gravitons in the ADD and RS scenarios

The Arkani-Hamed, Dimopoulos and Dvali (ADD) model comprises n large extra dimensions of size R [322] which
transforms the fundamental scale Mp of the 4+n-dimensional theory into the Planck scale via Mglanck ~ M;*”R”. The
compactification of the EDs results in a Kaluza-Klein (KK) tower of massive graviton modes with a mass splitting that
is inversely proportional to R. Since large EDs are postulated, the observable graviton states appear as a continuum. If
produced in the pp collisions, the KK graviton (Ggg) escapes into the EDs, and the searches must rely, as in the DM
searches discussed in Section 10, on the production of a visible object, such as an ISR jet or photon. The jet+EMS analysis
(see Section 10.3.1) has looked for such KK gravitons, setting limits on Mp at the multi-TeV level for n values from 2 to 6,
as can be seen in Fig. 49(a). The photor1+E}‘“iSS search for this signal was also pursued, with early Run 2 data, but proved
less sensitive [324].

KK gravitons can also be obtained in a Randall-Sundrum (RS) model of EDs [323]. In the original version of the RS
model, here called RS1, a five-dimensional anti-de Sitter spacetime is postulated, in which SM particles and gravity are

7 The HT is designed to discriminate between energy depositions from transition-radiation photons and the energy loss by minimum-ionizing
particles.

8 The n =1 case is already largely ruled out by gravitational measurements, as the corresponding R to have Mp at the TeV scale would be larger
than the Earth-Sun distance, while for n = 2, it is already at the mm scale.
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Fig. 48. (a) Schematic illustration of the TRT road-centring and hit-counting algorithms for HIP candidates: in the first stage (left), the wedge is
defined around the azimuthal angle of the EM cluster (blue solid line) near which TRT hits are counted; this direction is refined to align with the
richest HT-hits (nHT) region and this new direction (right) is used as the centre of a road (purple line) which should capture the energy deposited.
(b) Observed exclusion limit on the cross section versus electric charge multiplicity as seen in the MCP (muon signature) and HIP (high-ionization
signature) searches [318,319], for DY production. The models with 500 GeV masses are strongly excluded, given that a DY production cross section
(opy) of at least a few fb is expected for the lowest charge considered and grows with the charge. At 2 TeV, none of the MCP models are excluded
because opy < 0(0.01) fb is expected over the charge range considered, while for HIPs, the limits obtained between 40e and 80e are lower than the
expected opy.
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Fig. 49. Observed exclusion limit on (a) the fundamental scale Mp versus the number of extra dimensions in the ADD model, obtained by the
jet+E™* analysis [242], and on (b) the cross section times branching ratio versus the mass of the graviton in a bulk RS model, obtained in the ZZ
resonance searches [321].

localized on two different branes. Since the fifth (extra) dimension is warped, the strength of gravity appears exponentially
suppressed by the warp factor on the SM brane. In the bulk version of the RS model, only the Higgs boson is fixed on the
TeV brane, while the other SM fields are allowed to propagate in the bulk of the ED. The SM particles are the zero-modes
of these five-dimensional fields, and their mass hierarchies can be explained by localizing the heavy-fermion fields nearer
the TeV brane, and the lighter ones, nearer the Planck brane. Since the Gy are localized near the TeV brane, their couplings
to light fermions are suppressed, contrary to the RS1 scenario. The signal samples in the search for RS KK gravitons, which
can be seen as well-separated narrow resonances, are produced for given choices of k/Mpjanck, Where k is the curvature
parameter.

The RS KK graviton can decay into gluons or quarks [325] and the dijet resonance analysis (see Section 3.1) is therefore
sensitive to part of the parameter space. The model considered is one of a RS1 KK graviton decaying into b-quarks with
k/Mpianck = 0.2. The limit set on the lightest graviton’s mass (mg,, ) in this model, obtained by using the b-tagged SR of
the dijet analysis, is given in Table 5. A search was also performed in the semileptonic ttfinal state with a partial Run 2
dataset [326]: its interpretation in terms of bulk RS gravitons gives weaker limits than those reported below, as shown in
Table 5. It was also interpreted in terms of a search for the first mode of the bulk RS KK gluon, excluding masses below
3.8 TeV for a 15% resonance width. The dilepton resonance search introduced in Section 7.1.1, although not giving a mass
limit for these specific models, provides auxiliary material for reinterpreting the obtained generic limits in terms of spin-2
resonances.
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Table 5
95% CL lower limits on the lightest KK graviton mass obtained in various analyses for various
RS scenarios.

Analysis final state Model k/Mplanck Excluded mass range for mg,, [TeV]
bb RS1 0.2 <2.8 [79]

vy RS1 0.1 <4.5 [327]

Semileptonic t£(36.1 fb~1) bulk RS 1.0 0.45-0.65 [326]

HH — bbbb bulk RS 1.0 0.298-1.46 [328]

WW /ZZ — qqqq bulk RS 1.0 1.3-1.8 [165]

WW — tvqq +ZZ — €lqq

ggF production bulk RS 1.0 <2.0 [164]

VBF production bulk RS 1.0 <0.76 [164]

ZZ — el +7Z — vy bulk RS 1.0 <1.83 [329]

RS1 KK gravitons can also decay into photons, and a search for a high-mass yy resonance [327] was performed for
signals with k/Mpjanck < 0.1. In this analysis, two tight and isolated photons are required, with m,,, > 150 GeV, and
with the leading (subleading) photon having pr > 0.3(0.25)m,,. Templates of the m,,, distributions are obtained by
fitting a functional form to the distributions obtained either from MC simulation (for the non-resonant yy background)
or from a CR reversing some of the photon identification selection (for the y+jet background). The relative amount of each
background is determined using two-dimensional sidebands around the signal region for each photon. These sidebands
are built by relaxing the photon isolation and identification criteria, and the yy purity in the SR is found to be around
97% above 400 GeV. Since no resonant excess is seen above this background in data, a limit is set on mg,,, as shown in
Table 5.

A pair of Higgs bosons can also result from the bulk RS Gk decay; such an interpretation was given in the resonant
HH — bbbb search [328], which uses a resolved SR and a boosted SR to probe lower or higher mg,,. In the resolved
channel, four b-tagged jets are required and their pairing into two Higgs boson candidates H; and H, is decided by using
a BDT. In the boosted SR, two high-pr large-R jets form the candidates, with two to four associated b-tagged track-jets.
To reject the multijet background, H; and H, must not be too far apart in 7, and in the resolved SR the ttbackground is
suppressed with a top-quark veto, which is based on attempts to reconstruct top quarks from the jets at hand. The SR
in both regimes is then defined as an enclosed space in the (my,, my,) plane around the expected reconstructed Higgs
boson masses, with a annulus around it defining a CR which is used in the dominant multijet background’s estimation.
In the resolved SR, the background is estimated from data in a 2-b-tagged region, whose shape is corrected using event
kinematic knowledge obtained from the annular CR with a neural network. In the boosted regime, events in regions with
a lower number of b-tagged track-jets are used in conjunction with the annular CR in a simultaneous fit. The di-Higgs
mass is the final discriminant and, in the resolved SR, it is corrected for better accuracy by rescaling the reconstructed
H; and H, masses to 125 GeV. Since no significant excess is seen, the two channels are combined to provide a limit on
Mg, listed in Table 5.

Finally, diboson resonance searches, which are discussed as W’ and Z’ searches in Section 7, are also sensitive to
scenarios with bulk RS KK gravitons, as summarized in Ref. [321]. A comparison of the limits on the production cross
section in the three ZZ channels (fully hadronic, semileptonic and fully leptonic) is shown in Fig. 49(b), while the limits
on mg,, obtained by the various analyses for a value of k/Mpjanck = 1.0 are summarized in Table 5. While most of the
analyses focus on ggF production, the semileptonic WW /ZZ search also probes VBF production of the graviton, which is
also interesting given the light-fermion suppression of the bulk RS Gyx couplings.

12.2. Gravitons in the clockwork gravity model

The continuum clockwork gravity model [330,331], which has a five-dimensional spacetime metric, is also related
to the gravity/weak-scale hierarchy problem. It predicts a narrowly-spaced spectrum of KK gravitons which can appear
as a long-range semi-periodic structure in the invariant mass distribution: near the onset of the graviton spectrum,
which is governed by a mass parameter kcw, the mass splittings are generally of the order of a few percent and can
be resolved in a yy or ee search, while the splitting decreases and becomes unresolvable for higher graviton modes.
The cross section is determined by Ms, the five-dimensional reduced Planck mass. A search for this periodic spectrum of
resonances was performed in the ee channel [332], using the invariant mass spectrum from the Z’ — ££ search discussed
in Section 7.1, and in the diphoton channel, using the spectrum from the search described in the previous section. In
both cases, a functional form is fitted to the data to estimate the background. The signals are modelled using analytic
invariant-mass templates including detector resolution effects, an example of which can be seen in Fig. 50(a). Continuous
wavelet transforms (using a Morlet wavelet definition [333]) are used to analyse the mass spectra in the frequency domain,
transforming these spectra into images (called scalograms) displaying the wavelet amplitude in the frequency versus
invariant mass plane. In these scalograms, a signal would appear as a region of high amplitude localized in frequency
and mass above a more continuous background, as shown in Fig. 50(b). In order to analyse these images in terms of the
clockwork model, a NN classifier is used. No significant excess is seen and limits are set, as shown in Figs. 50(c) for the
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Fig. 50. Example, in the ee channel of the clockwork analysis [332] and for kcw = 1200 GeV (here called k) and Ms = 3000 TeV, of (a) a signal
invariant mass distribution and (b) a simulated signal-plus-background scalogram in which « is inversely proportional to the frequency and W is
the amplitude coefficient. The limits in the kcw versus Ms plane is shown for (c) the ee channel and (d) the yy channel; in these plots the area
excluded is to the left of the exclusion line.

ee channel and 50(d) for the diphoton channel. In the latter, the areas in the kcw versus Ms plane where the observed
limits are stronger than the expected limits indicate that the data is effectively smoother than the expected fluctuations
arising from the uncertainties.

12.3. Quantum black holes

In the ADD and the RS models, quantum black holes (QBH) could potentially be produced at the LHC [334,335] when
the energy is above the fundamental Planck scale Mp. Unlike semi-classical black holes, which decay due to Hawking
radiation into multiparticle final states, QBHs with masses near Mp decay into two-particle final states [336]. The dijet
search can therefore also be used in this case. Signal events were generated for the ADD case with BLackMax [337] for
n = 6 and various Mj values, and the results of the dijet search in its inclusive signal region were reinterpreted to obtain
limits on the cross section as a function of the QBH mass, mqgy.

The search for QBHs can also be performed in final states that violate SM global symmetries: this is done by looking
for a resonance in the eq and p.q final states [338]. In this search, QBH 3.0 [339] is used in conjunction with PyTHIA 8 to
generate events in the ADD (with n = 6) and RS1 scenarios. The events are selected by requiring the presence of exactly
one high-pr jet and one high-pr lepton with my; > 2 TeV.? The main background comes from W+jets events, with some
smaller contributions from tt and Z+jets events. These are estimated using CRs at lower my;, requiring or not requiring
the presence of b-tagged jets, E{“iss, or an extra lepton. In the electron channel, the fake-lepton background contribution

9 Given that the signal is generated at LO, vetoing additional jet activity affects the signal acceptance in a way that can be corrected for by
studying the veto effect in NLO V+jets events.
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Table 6
Comparison between some 95% CL lower limits obtained by Run 2 analyses presented in the indicated
sections of this report and the limits obtained in similar analyses with the Run 1 dataset.

Model and final state Section Excluded range
Run 1 Run 2
g* in a dijet resonance 3.1 m < 4.06 TeV [341] m < 6.7 TeV [79]
Z{sy in a dilepton resonance 7.1.1 m < 2.90 TeV [342] m < 5.1 TeV [155]
Type-III seesaw heavy leptons 4.3 m < 335 GeV [343] m < 790 GeV [91]
in £¢vvqq
VLQ T (Singlet, 2¢ + 3¢) 5.2 m < 0.66 TeV [344] m < 1.27 TeV [120]
Scalar LQ§' (LQLQ — tvtv) 6 m < 640 GeV [345] m < 1240 GeV [137]
LFV Z — eu 8.1 B >7.5x 1077 [346] B>2.62x 1077 [183]
FRVZ y,; in H — 2y4 + X 9.1 15 < ¢t < 260 mm [347] 0.42 < ¢t < 1001 mm [191]

with B(H — 2yy) = 10%
and m,, = 0.4 GeV

H — invisible combination 103 B > 0.252 [348] B > 0.113 [286]
Multi-charged particle 11 m < 660 GeV [349] m < 1060 GeV [318]
with |z| =2

ADD with n = 6 in jet+EMiss 121 Mp < 3.06 TeV [350] Mp < 5.9 TeV [242]

is estimated via a matrix method. The main uncertainties in the background estimation come from uncertainties in the
jet energy resolution and lepton modelling. The data agree with background-only expectations, and the limits from the
electron and muon channels, yielding very similar sensitivities, are combined.

For the ADD model, the dijet search places a lower limit on mqpy at 9.4 TeV, while the limit set by the e/u+jet search
is 9.2 TeV. The e/u+jet analysis is also interpreted in terms of an RS1 model, resulting in a limit of mgpy > 6.8 TeV.

13. Summary and conclusions

The Run 2 data have offered an unprecedented opportunity to search for answers to many of the fundamental questions
still open today in high-energy physics. While no significant excess of events in data has been seen, the rich harvest of
results has redefined the possible paths for physics beyond the Standard Model, putting more stringent constraints on
the scales and couplings of new states as shown in this report and also summarized in Ref. [340]. A comparison of limits
obtained by analyses presented in this report with those obtained in similar analyses performed with the Run 1 dataset
is presented in Table 6, showing the evolution of the constraints.

While the increases in integrated luminosity and centre-of-mass energy have both greatly contributed to the improve-
ment in the limits, new or improved techniques for object identification, such as the large-radius tracking used in some
long-lived-particle searches, new theoretical computations, such as the NLO Z/W+jets dedicated computations used in
the jet+E{niss and vector-boson-fusion jets+E}niSS analyses, and better analysis techniques, relying for example on machine
learning, have all played their part in beating the simple scaling of the Run 1 results in many cases. But the improvements
have not stopped there either — the Run 2 analyses have also pushed back the frontiers by looking for new final states,
such as semi-visible jets or clockwork gravitons, which could have passed through the net cast by the Collaboration in
Run 1.

With Run 3 now well underway, this strategy will be pursued further. While the increase in centre-of-mass energy from
13 to 13.6 TeV might seem modest compared to the 8 to 13 TeV jump from Run 1 to Run 2, it translates to a production
cross-section increase which is not negligible for high-mass states. This, coupled with the increased global data sample,
upgrades to the detector (notably trigger-related ones) and the relentless performance and analysis improvement efforts,
will further boost the sensitivity of the searches. Run 3 will be followed by the HL-LHC phase, which will increase the
data sample tenfold with a further upgraded detector, allowing even more uncharted parameter space to be probed. The
voyage of exploration is far from over!
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