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1. Introduction

The discovery of a new particle in 2012 at a mass of about 125 GeV by ATLAS [1] and CMS [2] marked a fundamental
milestone in high energy physics. Since then, a multitude of measurements have confirmed that the properties of this new
particle are consistent with the Higgs boson as predicted by the Standard Model (SM) [3,4]. A huge number of searches for
additional Higgs bosons or other phenomena indicating new physics beyond the SM (BSM physics) have all yielded null
results, thereby constraining the phase space of possible models considerably. However, the parameter space to which
these searches are sensitive is limited by the available data and the analysis tools used. Extending the coverage, and the
presence of small excesses in a number of searches, call for more data and continued effort.

This report reviews the landscape and results of searches for new BSM Higgs bosons or exotic Higgs boson decays
conducted by ATLAS [5] during the Run 2 of the Large Hadron Collider (LHC) at CERN, using up to 140 fb~! of 13 TeV
proton-proton (pp) collision data. First, a brief overview of potential models and their motivation is given. Next, the
experimental signatures are listed, including those used in searches for additional neutral or charged Higgs bosons, for
decays of heavy Higgs bosons to final states with multiple scalars (at least one of which can be the SM Higgs boson), or for
non-standard, exotic decays of the 125 GeV Higgs boson. Then, upper limits set on cross-sections are presented, constraints
placed on model parameters are discussed, and small excesses - if present - are highlighted. Finally, a summary of the
small excesses, a list of uncovered signatures, and a discussion of current limitations and promising techniques for future
BSM Higgs boson searches are provided.

With regard to the notation used for Higgs particles in this report: usually h denotes a light Higgs boson (m, <
125 GeV), the SM Higgs boson is called hi,5, and H is a heavy Higgs boson. However, if the paper under discussion has a
different convention, that one is used.

2. Theoretical overview and motivation

A complete description of particle physics theory is beyond the scope of this experimental review. This section
introduces only the main concepts that are needed to understand the experimental searches and the motivation behind
them.

In the Standard Model (SM) of particle physics [6-10], the fundamental forces (the weak force, strong force and
electromagnetic force) are mediated by gauge bosons (W and Z bosons, gluons and photons), while matter is built
from fermions (the leptons and quarks). After spontaneous electroweak symmetry breaking (EWSB), i.e. the Higgs
mechanism [11-13], the W and Z gauge bosons acquire their masses by absorbing the Goldstone bosons while the
photon remains massless. The Higgs mechanism postulates that a scalar field permeates the universe and also predicts

185



ATLAS Collaboration Physics Reports 1116 (2025) 184-260

one observable scalar, the Higgs boson. The fermions also acquire their masses by interacting with this scalar field. The
Higgs boson interacts more strongly with massive particles. Gluon-gluon fusion production, mediated by a top-quark
loop, dominates the Higgs boson production cross-section at the LHC. The cross-sections, branching fractions and total
width of the Higgs boson are all determined in the SM. Only the Higgs boson mass was an unknown parameter until its
discovery at about 125 GeV (the most precise mass measurement from ATLAS is reported in Ref. [ 14]).

Despite its tremendous success and confirmation in experiments, the SM cannot be the final, complete theory. One
of the deficiencies of the SM is the lack of a candidate that could constitute dark matter. The observation of neutrino
oscillations established that neutrinos have mass, which is inconsistent with the SM. Gravity is a fundamental force that
is not described by the SM. The asymmetry between baryons and anti-baryons in the universe is not explained by the
SM. Hence, searches for new physics are extremely well motivated and any significant observation which is inconsistent
with the SM would fundamentally advance our understanding of the universe.

Additional Higgs bosons are predicted by many BSM theories. One Higgs boson has already been found at the LHC,
and this strongly motivates continuing searches for other scalars. The BSM Higgs programme complements precision
measurements of the SM Higgs boson and other SM particles, as well as searches for new physics such as exotic particles
and supersymmetry (SUSY). Many of the BSM scenarios presume the existence of SUSY, which is a theory that postulates a
symmetry between bosons (which have integer spin) and fermions (which have half-integer spin). It was developed in the
1970s [15-17], numerous theoretical reviews are available, too, e.g. [ 18]. This symmetry then predicts a partner particle (a
superpartner) for each SM particle, with the same coupling but with the other spin type (for example, the superpartner of
an electron would be called a selectron and it would be a boson). However, since no superpartners to the SM particles have
been observed, it is assumed that supersymmetric particles are much heavier than their SM counterparts. The details of
the breaking of SUSY, which leads to this mass difference, are described by a large number of theoretical parameters that
also influence the production and decay of the superpartners. The important point here, however, is that SUSY requires an
extended Higgs sector. It is therefore natural to consider models that postulate both, i.e. supersymmetry and additional
Higgs bosons. Some SUSY particles are also suitable candidates for dark matter.

The observation of the SM Higgs boson constrains possible BSM theories considerably. Any relevant BSM scenario must
predict a scalar at a mass of about 125 GeV, and this scalar should have ‘SM-like’ couplings, about the same as the observed
Higgs boson’s couplings to SM particles, which is also called alignment. Precision studies of the spin, production, and
decay rates of the 125 GeV scalar [3] showed agreement with the SM prediction and further constrained BSM parameters.
However, given the small (4.1 MeV) width of the SM Higgs boson, even very small contributions from new physics (e.g.
through a small coupling of the Higgs boson to a dark sector [19] or hidden sectors [20]) could lead to sizeable decay
rates into BSM particles [21]. This makes searches for exotic decays of the 125 GeV boson particularly relevant.

Additional experimental constraints on BSM theories come from the searches for SUSY that resulted in lower limits
on gluino and squark masses [22]. Flavour-changing processes such as b — sy and B — u™u~ decays also constrain
BSM hypotheses; for example, they lead to a lower limit on the H™ mass in some types of two-Higgs-doublet models
(2HDM, see below) [23]. LEP and SLD precision measurements of Z-boson decay also lead to constraints on the 2HDM [24].
Electroweak precision measurements, such as those measuring the top-quark and W-boson masses, further constrain
the 2HDM [25]. Limits on the Higgs boson self-coupling obtained from ATLAS and CMS searches for Higgs boson pair
production can also restrict the allowed parameter space in the 2HDM [26].

In the SM description, the scalar fields are arranged in a single complex SU(2). doublet, which is the minimal
representation that establishes mass terms for the W and Z bosons, as well as massive fermions, after EWSB and leads
to exactly one Higgs boson, which has been discovered. The following list briefly describes the field content and Higgs
boson spectrum of some of the most-used BSM theories:

e The simplest extension of the SM is achieved by adding a new singlet to the SM. The singlet may be real or complex.
The singlet fields are allowed to mix with the SM fields and this leads to the presence of two CP-even (in the case
of a real singlet) or three CP-even (in the case of a complex singlet) neutral Higgs bosons. Depending on the model
parameters, one of the scalars may be a dark matter candidate which does not interact with SM particles, and one of
the CP-even scalars can have a mass and other properties similar to those of the observed scalar. Benchmarks have
been proposed, for example in Ref. [27].

e A similar model relevant for BSM Higgs boson searches is the two-real-singlet model (TRSM) [28], which extends the
SM by adding two real singlets, leading to three observable neutral CP-even Higgs bosons (h4, hy, h3), which couple
to each other and to the SM particles, and one of them can have a mass of 125 GeV and properties similar to those
of the observed scalar. The Higgs bosons are allowed to decay into each other, depending on the mass hierarchy.

e A popular and widely investigated extension of the SM features the addition of a second Higgs doublet, leading to the
two-Higgs-doublet model (2HDM). The 2HDM in its general form has a very rich phenomenology; this is reviewed,
for example, in Ref. [29]. Benchmarks for various realizations of the 2HDM are discussed in Ref. [30]. Parameters are
often chosen to avoid flavour-changing neutral currents (FCNC) at tree level, which can be achieved by imposing a
Z, symmetry. CP-violation is possible but is not considered here. The CP-conserving 2HDM predicts five observable
Higgs bosons: a CP-even and often light Higgs boson h, a (typically) heavier CP-even scalar H, a CP-odd scalar A and
two charged Higgs bosons H*. This model has seven free parameters: the masses of h, H, A and H*, an angle «
that describes the mixing between the CP-even states, the ratio of the vacuum expectation values (vev) of the two
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doublets (tan 8 = vev,/vevy), and a parameter my; which controls the soft breaking term of the Z, symmetry in the
potential. Many of the ATLAS results discussed in later sections consider a SUSY-inspired scenario in which several
simplifications are made: my = my = my=+, mfz = mﬁ sin B cos B, and the h is identified as the 125 GeV Higgs boson
(which is then denoted by hiys). Once the Higgs boson masses are set, the properties of the Higgs sector can be
described as a function of three remaining parameters, which are typically chosen to be my, tan 8 and sin (o — B).
The CP-conserving 2HDM is categorized into four types (type-I, type-Il, lepton-specific, and flipped) that are used
for interpretations in ATLAS searches. They differ in the way the Higgs fields couple to the SM particles, listed in
Table 1.

The general 2HDM (g2HDM) without 2, symmetry features FCNC but can lead to a SM-like 125 GeV Higgs boson
when all heavy Higgs boson quartic couplings are ©(1) [31]. Therefore, this model is also relevant, and is considered
for ATLAS searches.

e A special case of the type-Il 2HDM is the minimal supersymmetric extension of the SM, or MSSM. The more than
100 SUSY parameters are fixed in benchmark scenarios [32] that explore various phenomenological aspects, such
as different SUSY mass scales or the couplings of the additional Higgs bosons. The SUSY corrections directly impact
the mass of the Higgs bosons. Once the SUSY parameters are chosen, the Higgs sector in the MSSM depends only
on two free parameters: m, and tan 8. The A boson, one of the CP-even bosons and the charged Higgs bosons are
almost mass-degenerate; small remaining mass differences depend on the value of tan 8. Among the proposed MSSM
scenarios, the hMSSM [33] is an even more simplified model that approximates the MSSM sufficiently well for low
values of tan 8. Here the idea is that the SUSY corrections are fully determined and thus fixed by the observation of
h at 125 GeV. The h is therefore identified as the hi,5, and its fixed mass value can be understood as an input to the
scenario rather than an output.

e Another possible class of models explored at the LHC are those that postulate a 2HDM that is extended by another
singlet. In the case of supersymmetry and a complex singlet, this model is referred to as the next-to-minimal
supersymmetric extension of the SM (NMSSM) [34]. The NMSSM predicts seven Higgs bosons: three CP-even and
two CP-odd scalars, and two charged Higgs bosons. The model parameters can be tuned such that one of the CP-
even Higgs bosons has a mass of approximately 125 GeV and properties similar to those of the observed scalar. The
generalized version of the NMSSM (without the SUSY condition) is referred to as 2HDM+S [35], where S is a complex
singlet. One of the scalars in the 2HDM+S can be a dark-matter candidate that does not couple to SM particles [36].
If S is a real singlet, the model is called N2HDM and is discussed, for example, in Ref. [37]. It is also possible that
the additional scalar is CP-odd, and such models are referred to as 2HDM+a [38].

e The three-Higgs-doublet model (3HDM) [39] extends the SM by adding two more doublets. It leads to five neutral
Higgs bosons and two pairs of charged Higgs bosons Hli and Hzi. In particular, it allows the possibility that one of
these charged Higgs bosons is light, without violating experimental constraints from low-energy processes such as
b — sy [40]. Five different types of this model are used to explore its phenomenology, and the charged Higgs boson
couplings depend on three parameters (X1, Y1, Z1).

e Another very well-motivated model is the Georgi-Machacek (GM) model [41,42], which extends the SM by adding
two triplets — or even higher multiplets in its most general form. In the GM model that is explored in ATLAS searches,
there are ten observable Higgs bosons (h, H, Hs, H3i, Hs, Hsi, Hsii), among which is a doubly charged Higgs boson
candidate, and h can have a mass and properties similar to those of the observed scalar. Benchmarks for the five-
plet of scalars were proposed in Ref. [43], and results are typically presented as a function of the coupling parameter
sin Oy, which quantifies how much of the W- and Z-boson masses are generated by the non-SM Higgs fields.

e Besides the GM, other models also predict the existence of doubly charged Higgs bosons: the type-Il seesaw
mechanism [44,45] is an attractive model since it can predict massive neutrinos. This model also has an extended
Higgs sector, leading to seven scalars: h, H, A, H¥ and H**. Specific choices of model parameters allow the h to
have a mass and properties similar to those of the observed scalar. Also relevant for H** searches are the left-
right symmetric model (LRSM) [46], which extends the SM with two triplets, and the Zee-Babu neutrino mass
model [47,48], which introduces two complex singlets.

Providing predictions for these models is one of the tasks of the LHC Higgs Working Group (LHCHWG) [30,49-51].
This group connects theoreticians with experimentalists from the LHC experiments — mostly but not exclusively from
ATLAS and CMS. The state-of-the art calculations provided by the theoreticians allow the data to be compared with BSM
expectations, and upper limits to be set on model parameters. By using the same model predictions, results from different
collaborations can be compared directly.

3. Experimental signatures

When examining searches for BSM Higgs bosons, a useful way to group the experimental signatures is by the mass
of the new scalar resonance. If the mass of the additional Higgs boson is above 125 GeV, the search is called high mass,
and the final-state particles are often highly energetic and have high transverse momentum (pr), whereas if the mass of
the new scalar is below that value, the search is called low mass and the decay products often have lower momentum.
Low mass searches are usually limited by the trigger, while high mass searches often have less background and low,
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Table 1
The four types of the CP-conserving 2HDM and the couplings of quarks and charged leptons to the scalar doublets @
and @, (with vacuum expectation values vev; and vev,, respectively).

2HDM type Up-type quarks couple to Down-type quarks couple to Charged leptons couple to
TypE-l 452 ¢2 ‘Dz
Type-II @, @, D4
Lepton-specific [} [} o
Flipped D, D, b,
Low mass 125 GeV High mass
1
1
pp — a h,,, rare decays pp — HIA, pp — H*
h,s— aa, h,; —a,a, h,, exotic decays H— hh,,.
h,,. — Za h,,s — invisible H— Sh,,., H— SS

A—ZH A Zh,,

Fig. 1. An illustration of the landscape of BSM Higgs boson searches, for which the 125 GeV Higgs boson (hi;5) marks the border between low
mass and high mass searches. Low-mass scalars are denoted by a, heavy Higgs bosons are labelled with an H (or A if they are CP-odd), and other
scalars are denoted by an S. New scalars can be produced either directly in pp collisions, or through the decay of other Higgs bosons (or, in general,
through the decay of other particles).

model-dependent cross-sections. Not every search can be easily categorized in this way, but it is often useful guidance.
Fig. 1 illustrates this classification scheme.

High mass searches include those for heavy neutral or charged scalars that decay either into fermions or into vector
bosons. Neutral scalars can also be CP-odd, in which case they are called pseudoscalars. However, no distinction is made
between the two CP hypotheses in most BSM searches. Charged Higgs bosons can also be light, but their signatures are
discussed alongside the heavy charged scalars since they have some commonalities. A special class of heavy scalar searches
are those where a heavy neutral scalar decays into a pair of other scalars. This pair can be two SM-like Higgs bosons
(h12sh125), two new scalars with the same mass (SS), or two different kinds of scalars from an asymmetric decay (for
example Shyy5). The common element here is the heavy scalar resonance that decays; these searches are therefore also
classified as high mass ones. Low mass searches comprise those for new light scalars (or pseudoscalars), a. These new light
Higgs bosons are produced either directly in pp collisions or via the decay of the SM-like Higgs boson, which results in
either aa or Za final states. Another type of search is when the 125 GeV Higgs boson decays in ways that are suppressed or
not allowed in the SM. An observation or enhancement of such a branching fraction could therefore indicate new physics.
These searches are referred to as hy,5 rare decays (when the decay is allowed but very improbable in the SM) or hq,5 exotic
decays (if the decay is not allowed in the SM). A special class of Higgs boson decays are those with invisible final states,
which can be inferred from measurements of missing transverse momentum in the detector.

The searches are designed to enrich one or several signal regions in events from the hypothesized BSM process
consistent with the expected signal signature. The aim is not only to quantify a potential excess of signal events over
background, but also to constrain the cross-section for the hypothesized process as well as the parameters of relevant
models that influence the production or decay of the BSM particles. The model-independent and model-dependent results
are reported in Section 4.

A complex aspect of high mass searches concerns assumptions about the decay width of the new scalar. In many
searches a narrow decay width, of the order of a few MeV, is assumed in the signal model used by the event generator,
although such narrow high-mass (order of TeV) resonances lack theoretical motivation. However, detector resolution
effects, which are taken into account via simulation, will lead to a much wider mass distribution being reconstructed in
the analysis. This resolution is typically about a few percent of the scalar’s mass, and is therefore much larger than the
decay width generated from the signal model. In many cases, the mass of the scalar particle cannot be fully reconstructed
because the final state has undetectable particles such as neutrinos, which degrades the signal resolution. Also, in some
analyses the final discriminant, which is used to separate a potential signal from the background, is not the mass but the
output score of a multivariate algorithm, which leads to even worse signal resolution. Therefore, analyses that simulate
a narrow-width signal are still able to constrain models that predict signal widths of the order of GeV to tens of GeV.

Most searches presented in this report use the full Run 2 dataset, which has an integrated luminosity of 139 or 140 fb~1,
the exact value depending on the luminosity calibration at the time of publication [52], and also on the triggers [53] used.
Some analyses were performed with a partial Run 2 dataset.
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. H/A

(@ (b)

(© (d

Fig. 2. Illustrative Feynman diagrams for the production modes explored in ATLAS searches for heavy Higgs bosons decaying into fermions: (a)
gluon-gluon fusion, (b) ttH, and (c-d) b-associated production.

3.1. Searches for neutral heavy Higgs bosons

3.1.1. Heavy Higgs bosons decaying into fermions

ATLAS has conducted searches for heavy Higgs bosons decaying into fermions in the following final states: t 7~ [54],
w ™ [55], bb [56] and tt [57,58]. These decays are predicted in models such as the 2HDM and MSSM. Due to the mass
degeneracy of the H and A bosons, the production cross-sections of the two particles are summed (unless the mass
difference becomes sizeable compared to the mass resolution). The Higgs boson couplings to these fermions increase
with their mass, as in the case of the SM-like Higgs boson. Therefore, the largest branching fractions are predicted for
decays into a top-quark pair, provided that the mass of the heavy Higgs boson exceeds twice the top-quark mass (m;),
about 350 GeV. If the Higgs boson is lighter than that, then its most likely fermionic decay is the one into bb, followed
by Tt ™. The decay into u*u ™~ has an even lower probability; however, this channel has excellent mass resolution. The
exact branching fraction values are model-dependent. If the SUSY mass scale is low, Higgs bosons may decay into SUSY
particles, which would decrease the probabilities of decays into fermion pairs. ATLAS also explored the decay of a heavy
neutral Higgs boson into tq [59] in the context of the g2HDM, which introduces additional Yukawa couplings.

The most common production modes considered are gluon-gluon fusion (ggF) and b-associated production. The ttH
production mode was also explored in the case of heavy Higgs boson decay into tt. For the SM Higgs boson, ggF production
has the largest cross-section. In BSM theories, this cross-section depends on the model’s parameters. In a type-11 2HDM, the
coupling of the BSM Higgs boson to top quarks is larger at low values of tan 8, while b-associated production becomes
significant at high values of tan 8. This is due to the enhanced coupling to quarks with charge —1/3 which occurs for
type-II (or flipped) models. In the SM, b-associated production has only a very small cross-section and is not exploited.
In searches motivated by type-Il models, b-tagging can be used to enrich the signal regions in b-associated production. In
the SM, ttH production has a small cross-section, but in BSM scenarios this process can be enhanced at low tan 8 values.
Fig. 2 displays some example Feynman diagrams for these production modes.

H—tTt".

ATLAS considers two t-lepton decay channels for this search [54]: either both 7-leptons decay hadronically (ThadThad
channel), or one of the t-leptons decays to an electron or muon (TiepThad Channel). The hadronically decaying t-leptons
are identified with a boosted decision tree (BDT) using both calorimetric shower shape and tracking information [60],
and their pr is required to exceed 25 (65) GeV in the TiepThad (ThadThad) channel. Jetsl that originate from b-quarks are

1 Standard jets are reconstructed either from topological clusters [61] in the calorimeter or from particle flow objects [62] using the anti-
ke algorithm [63,64] with a radius parameter R = 0.4. They are calibrated to the particle level using a combination of simulation and in-situ
measurements in data [65].
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identified using a multivariate algorithm called mv2c10 [66]. Events are selected with either a single-lepton trigger [67,68]
or a single-t trigger [69]. Events in both the TiepThad and ThaaThad Channels are separated into b-tag or b-veto categories,
giving a total of four signal-enriched categories. This is useful because the signal and background compositions depend
on whether or not a b-tag is required: the ggF (b-associated) signal is enriched in the b-veto (b-tag) categories, and the tt
background accumulates in the b-tagged categories. The Tt~ mass reconstruction is challenging because of the presence
of neutrinos that escape detection and leave a momentum imbalance called the missing transverse momentum [70], with
magnitude EMS, Therefore, the transverse mass mr is used instead of the invariant mass as the final discriminant. The
mass range from 200 to 2500 GeV is explored for a heavy Higgs boson in this search; no distinction is made between a
scalar or a pseudoscalar hypothesis.

H— putp.

In the search for H — putu~ [55], events are selected using muon triggers. They must contain two muon candidates
with pr greater than 30 GeV that are reconstructed using both tracking and muon spectrometer information [71]. The
signal is produced through either ggF or b-associated production, so events are grouped into b-veto and b-tag categories.
The resonance mass is reconstructed from the two muons, and the mass resolution varies from 5% to 14% of the Higgs
boson mass. The search is carried out for Higgs boson mass hypotheses between 200 and 1000 GeV. The search is sensitive
to scalars and pseudoscalars, and the analysis does not distinguish between them.

H — bb.

The search for b-associated production of H — bb [56] selects events with a combination of various b-jet triggers,
requires one or more b-jets to exceed different minimum pr values, and uses a b-tagging working point with 60%-72%
efficiency depending on the trigger type and data-taking period [72]. The mv2c20 tagger is used to identify b-jets both
online and offline [66]. Events in the signal region must contain at least three b-jets with a pr of at least 20 GeV, with the
pr requirements for the leading and sub-leading b-jets raised to 160 and 60 GeV, respectively. Events are then assigned
to regions with three, four or five b-jets. The final discriminant is the bb invariant mass, whose calculation includes a
transformation to achieve better mass resolution, which then amounts to 10%-15%. This transformation is done with a
principal component analysis (PCA) in three dimensions, using the invariant mass and the pr of each of the two leading
b-jets. The m,j; resolution deteriorates for higher pr values, due to the presence of final-state radiation. This dependence
is reduced by the PCA rotation. Higgs boson masses between 450 and 1400 GeV are explored; scalar and pseudoscalar
hypotheses are not distinguished.

H — tt.

If the BSM Higgs boson is heavier than twice the top-quark mass, i.e. more than about 350 GeV, then the decay into
tt is dominant in many models, especially if the Higgs boson is produced via ggF, which implies that the coupling to top
quarks (via loop contributions) exists. Since the signal process and the largest background process, i.e. non-resonant SM
tt production, lead to the same final state, a large destructive interference effect occurs. This distorts the signal-plus-
background mass distribution shape from a peak to a broad excess below the true Higgs boson mass followed by a dip
structure around the heavy Higgs boson’s mass. The details of this interference are model-dependent, and this large effect
needs to be taken into account when analysing this channel.

ATLAS searched for this signature in 13 TeV data in final states with one or two electrons or muons in the H mass
range of 400-1400 GeV, with the scalar and pseudoscalar hypotheses considered separately [57]. The events are selected
using single-lepton triggers. Four signal-enriched categories are constructed: a two-lepton category and three categories
with one lepton (here lepton means electron [73] or muon). The hadronic top-quark decay in the one-lepton channel is
reconstructed either by using a reclustered jet with a variable radius parameter of R = 0.4—1.5 [74,75] if the top quark’s
pr is large enough to collimate its decay products into one such jet (the ‘merged’ case), or by using three standard jets
in the ‘resolved’ case. Standard jets are also used to identify b-quarks; at least one b-tagged jet is required. Leptons must
have pr > 28 GeV, and the event must have E{“iss > 20 GeV. The final discriminant is the reconstructed tt mass. Angular
variables sensitive to tf spin correlations are used in both the one- and two-lepton channels to increase the sensitivity of
the analysis.

ttH — 4t.

This search considers ttH production of a heavy Higgs boson that then decays into a pair of top quarks, leading to
a four-top-quark final state [58]. Events are selected using single-lepton or dilepton triggers. Events with two leptons
(electrons or muons) with pr > 28 GeV and the same charge, or three leptons without any charge requirements, are
retained in the analysis. The selection requires the presence of six jets (reconstructed from tracks in the inner detector
and energy deposits in the calorimeters using a particle-flow algorithm [62]), and two of these jets must be b-tagged. The
DL1r b-tagging algorithm [76] is used; it is based on a deep neural network and outperforms the previously mentioned
mv2 taggers. The final discriminant in the signal region is the output score of a parameterized BDT. The Higgs boson mass
range considered is 400-1000 GeV. Scalar and pseudoscalar hypotheses are treated in the same way.

H — tt/tq.
This search [59] targets the g2HDM that predicts new Yukawa couplings of the Higgs boson to up-type quarks (o, o
and pg,). The dominant signal diagrams are displayed in Fig. 3. The search selects a variety of channels where the heavy
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Fig. 3. lllustrative Feynman diagrams for the signal processes in the search for H — tt/tg. The couplings p; are introduced in the specific BSM
scenario that is considered here, the g2HDM.
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Fig. 4. Illustrative Feynman diagram for the vector-boson-fusion production mode, which occurs in models where the Higgs boson couples to bosons.

Higgs boson is produced in association with top quarks and then decays into a top quark and another up-type quark,
leading to final states with multiple leptons and b-jets, which are grouped into 17 signal-enriched categories. Events are
selected using single-lepton or dilepton triggers. The final discriminant in each signal region is the output score of a deep
neural network. The mass range between 200 and 1500 GeV is explored for a heavy Higgs boson.

3.1.2. Heavy Higgs bosons decaying into bosons

Heavy Higgs bosons decaying into gauge bosons have been investigated in the WTW~ [77], ZZ [78], yy [79-81] and
Zy [82,83] final states. These decay modes are disfavoured for pseudoscalar Higgs bosons because CP conservation forbids
the decay of a pseudoscalar (CP-odd) to boson pairs (CP-even). In models where the heavy Higgs boson couples to bosons,
production through vector-boson fusion (VBF) will occur, as depicted in Fig. 4. Therefore, these decay channels are typically
explored for ggF and VBF production modes. Since these production processes also occur in the SM, the BSM searches for
bosonic decays share many similarities with the SM Higgs boson analyses.

H—> Wtw-.

The search for H — W*W ™ [77] considers only leptonic W-boson decays into an electron or muon and a neutrino, and
the events are selected using single-electron or single-muon triggers. The two leptons must each have pr > 25 GeV, and
events with additional leptons with pr > 15 GeV are vetoed. Events with b-jets are rejected to suppress the tt background.
The analysis uses three signal-enriched categories: two categories are optimized for VBF production and require either
exactly one jet or at least two jets, and the third category is enriched in ggF production and contains events not assigned
to the VBF categories. The final discriminant is the transverse mass of the dilepton and E{“iss system. Higgs boson masses
in the range 300-4000 GeV are explored.

H— ZZ.

The search for H — ZZ [78] considers the decays of ZZ into either ¢Y£~¢'* ¢~ or £T£~vv, where £ denotes an electron
or muon. The choice to consider Z decays into neutrinos is well motivated since it has a large branching fraction of about
20%. Events are selected using single-lepton triggers. This analysis searches for Higgs bosons with a mass between 200
and 2000 GeV.

In the 4¢ channel, the electrons (muons) must have a pr exceeding 7 (5) GeV; this requirement is raised to 20 GeV for
the leading lepton. The leptons are grouped into two pairs, and each invariant mass must be close to the Z-boson mass
(91 GeV). Events with at least two jets are classified as VBF-like if the output score of a classifier trained to distinguish this
process from the SM ZZ background exceeds a certain value. An analogous classifier is used to select ggF signal events.
The final discriminant is the 4¢ invariant mass.

In the £7¢~ vy channel, leptons must have a pr above 20 GeV; for the leading lepton this is raised to 30 GeV. Due
to the presence of neutrinos, the E{“iss is required to exceed 120 GeV. If events contain at least two jets that meet some
kinematic selection criteria for being consistent with a typical VBF signature, they enter the VBF category. Events not
meeting these criteria enter the ggF category. The final discriminant is the transverse mass calculated from the pr of the
dilepton system, the mass of the Z boson, and the EMs,
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H— yy.

Several searches for H — yy were carried out, targeting different Higgs boson mass ranges (high mass [79],
intermediate mass [80], and low mass [81]). In all these searches, events are selected using a diphoton trigger [67].
Photon candidates [73] must have a pr exceeding 25 (20-22) GeV in the high mass (low and intermediate mass) search,
and must also meet stringent identification and isolation criteria. The final discriminant is the diphoton mass. Due to the
excellent detector resolution (around 1.3% at 125 GeV), if the new resonance has a sizeable width, the resolution of the
diphoton mass peak will be dominated by that width. Therefore, the analysis also tests non-narrow signal hypotheses in
this channel. The Higgs boson mass range explored in the high mass search is 160-3000 GeV, in the intermediate mass
search it is 66-110 GeV, and in the low mass search it is 10-70 GeV.

The intermediate mass search has to deal with a difficulty caused by some events having both electrons from the Z —
ee decay misidentified as photons, which can produce a peak in the yy mass spectrum. To reduce the misidentification
rate, a gradient BDT is used at object level to reject photon candidates that are likely to be fakes. The high mass search is
performed inclusively, and the intermediate mass search is split into categories according to the conversion status of the
selected photons.

The low mass search is difficult because selecting photons with transverse energies close to the trigger thresholds
sculpts the m,,, distribution at its lower edge.

X — Zy.

The search for a generic narrow-width scalar X with X — Zy was carried out separately for the leptonic [82] and
hadronic [83] decays of the Z boson. Two channels were considered for the leptonic decays, with the Z boson decaying
into either an electron pair or a muon pair. Events are selected using electron, muon or single-photon triggers. The
leptons must have pr > 10 GeV, and photons must have pr > 15 GeV. Events must contain a pair of same-flavour
leptons with opposite charge and an invariant mass within 15 GeV of the Z mass. A dedicated multivariate analysis (MVA)
procedure was developed to improve the identification of closely spaced electrons from highly boosted Z bosons. The final
discriminant is the three-body invariant mass of the lepton pair and the photon. The Higgs boson mass range covered in
this search is 220-3400 GeV.

For hadronic Z-boson decays, a high-pr single-photon trigger was used, and the minimum pr requirement for photon
candidates is 200 GeV. Events are also required to have a large-radius jet with pr > 200 GeV. Large-radius jets [84]
are built from tracks and calibrated clusters of energy in the calorimeter and have a radius parameter of R = 1.0. Three
analysis categories are defined, based on the identification of b-jets (for Z — bb), the value of D, (a variable that exploits
jet substructure [85]) and the mass of the jet. The final discriminant is the invariant mass of the jet and photon, and the
search covers the range 1.0-6.8 TeV.

3.1.3. Higgs-to-Higgs decays

Another class of searches conducted by ATLAS comprises two types of cascade decays of heavy Higgs bosons. In the
first, a heavy pseudoscalar Higgs boson decays into a Z boson and either the 125 GeV Higgs boson or a new scalar of
different mass. In the second, discussed further in Section 3.3, a heavy Higgs boson decays into a pair of other scalars.

If the decays involve a Z boson, then CP conservation requires the CP states of the heavy and lighter Higgs bosons to be
different, meaning one is a CP-odd pseudoscalar and the other is a CP-even scalar. ATLAS assumes that the heavier one is
the CP-odd boson, but this is not strictly necessary — it can be the other way around, but m, > my is favoured for a strong
first-order phase transition to occur in the early universe [86]. ATLAS searched for this kind of signature in the following
channels: A — Zhqy5 with hy5 — bb and Z — vi /€T~ [87], A — ZH with H — bb/W*W~ and Z — ¢*¢~ [88], and
A — ZH withH — bband Z — vb or H — tf and Z — £7¢~ [89]. Another Higgs-to-Higgs search channel features
the decay of a heavy scalar H into a pair of 125 GeV Higgs bosons decaying to 4b [90]. The H is produced either via
Higgsstrahlung or the decay of an even heavier pseudoscalar A.

A— Zh125.

In the search for A — Zhyy5 [87] the hyys is assumed to be a SM-like Higgs boson that decays into bb, and A is a heavier
pseudoscalar. Events where the Z boson decays into neutrinos or charged leptons (electrons or muons) are selected using
an E{“iss trigger or lepton triggers respectively. If the A is heavy compared to the hyys, the hiy5 will be boosted and the
emitted b-jets will have a small opening angle, such that they can be reconstructed as a single large-radius jet. In that
case, a b-tagging algorithm is applied to track-jets of variable, pr-dependent radius [91] that are associated with the
large-radius jet. This approach increases the background rejection rate and improves the search’s sensitivity by up to a
factor of four compared to a previous analysis using 36 fb~! of Run 2 data [92]. If the mass difference between the A and
hi25 bosons is moderate, the b-jets are reconstructed separately as small-radius jets. Four categories are defined: events
contain either no lepton or exactly two leptons, and the hi,5 is reconstructed as one or two jets. In the categories without
a lepton, a large E{“iss of at least 150 GeV is required. The final discriminant is the transverse mass calculated from the
Higgs boson candidate and the Ef™** for the zero-lepton case, or the invariant mass built from the decay products of the
Z and hqy5 bosons for the two-lepton category. The mass resolution is better for the latter case, varying from 2% to 9% of
the mass of the A boson. The investigated mass range for the heavy pseudoscalar is 220-2000 GeV.
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Fig. 5. Illustrative Feynman diagrams for resonant Higgs pair production in association with a vector boson V, as predicted in some BSM scenarios.
The heavy scalar H resonance, which decays into hq,5hq25, originates from (a) an off-shell vector boson or (b) the decay of a neutral heavy pseudoscalar
A.

A — ZH.

In this channel the H is assumed to be a new Higgs boson with a mass that is not consistent with 125 GeV, and the A
is a heavy pseudoscalar. One publication [88] explores the leptonic Z-boson decays into electrons or muons (Z — £147)
together with the H — bb or H — W*W~ decay modes. In another publication [89] the following final states are
investigated: H — bb and Z — v, or H — tt and Z — £1¢~.

For the first analysis [88], with H — bB/W+W‘ and Z — £1¢~, the investigated H-boson mass range is 130-700 GeV
and the A mass range is 230-800 GeV. The H — bb and H — W*W—decay modes are complementary — some models
favour the decay into fermions, and other models predict the decay into bosons to be dominant. Gluon-gluon fusion
production is considered for both decays of the H boson. The b-associated production mode is only studied for the H — bb
decay, which is relevant only for models that favour a coupling of H to fermions. Events are selected with single-electron
or single-muon triggers. The dilepton mass must be consistent with the Z-boson mass. For H — bb decay, events are
assigned to categories with either two or at least three b-jets, where the extra b-jets come from b-associated production.
For H - WTW™ decay, only fully hadronic decays of the W bosons into quarks are considered, resulting in a final
state with four jets. In each case, the invariant mass of the decay products of the H boson must be consistent with the
hypothesized H mass (allowing for the detector resolution). The final discriminant is either mgpp OF Mye4q, depending on
the H-boson decay mode. The A mass can be reconstructed with a resolution of 1%-16%, depending on the category and
the masses of the two heavy Higgs bosons.

The second analysis [89] considers two channels: H — bb and Z — v for an A (H) mass range of 350-1200 GeV
(130-800 GeV), or H — tf and Z — ¢*¢~ for an A (H) mass range of 450-1200 GeV (350-800 GeV). Both channels are
explored for ggF production, and b-associated production is studied for the bb + v final state. Events are selected using
either single-lepton or E{“iss triggers [93]. For the £¢ + tt case, one of the top quarks is required to decay leptonically,
leading to a final state with three leptons, two of which must have an invariant mass consistent with the Z-boson mass.
Both top quarks are reconstructed, using a W-boson mass constraint for the leptonically decaying top quark. The final
discriminant is the mass difference (Am) between the reconstructed H and A bosons, with a resolution ranging from 3%
to 20% of Am. For the other case, vi + bb, no leptons are detected and instead the E{“iss is required to exceed 150 GeV.
The events are categorized according to the number of b-jets, which is either exactly two or at least three, the latter case
targeting b-associated production. The final discriminant is the transverse mass calculated from the b-jets and E{“iss, and
the resolution corresponds to 8%-27% of the A-boson mass.

VH or A — ZH with H — hyyshyys — bbbb.

Another Higgs-to-Higgs decay search involves the decay of a heavy scalar H boson into a pair of 125 GeV Higgs bosons
and uses the bbbb final state [90]. The H is produced either in association with an off-shell vector boson V (V = W or Z)
(similar to ‘Higgsstrahlung’) or in A — ZH decay, where the A boson is produced via ggF. Feynman diagrams illustrating
these processes at leading order are displayed in Fig. 5.

For VH production, the explored H mass range is 260-1000 GeV. In the case of A — ZH, the explored mass ranges
are 360 < my < 800 GeV and 260 < my < 400 GeV. Potential signal events are characterized by a leptonically decaying
V boson and four b-jets. Three leptonic channels (OL, 1L, 2L) correspond to Z — vv, W — £v and Z — ¢{. The pr of
electrons and muons must exceed 7 GeV. The selected events contain at least four b-tagged jets with pr > 20 GeV, which
are paired to form the two hi;s candidates. Events with identified hadronically decaying t-leptons are vetoed to reduce
backgrounds. The E{"iss also forms part of the signal region definition, and its allowed values depend on the channel.
Further criteria include several multivariate BDT discriminants to enhance the signal purity in each channel. The final
discriminant is the reconstructed mass of the Higgs boson pair.
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Fig. 6. Illustrative Feynman diagrams for the production modes explored in ATLAS searches for charged Higgs bosons: (a) light H* production in
top-quark decays, (b) t- and b-associated production of heavy H*. In the intermediate mass range, both production modes contribute.

3.2, Searches for charged Higgs bosons

3.2.1. Charged Higgs bosons decaying into fermions

ATLAS performed searches for charged Higgs bosons (H*)? in various decay channels. The fermionic final states
explored in Run 2 are t+v [94], tb [95] and cb [96]. The decays into v and tb are predicted in the 2HDM, while the cb
channel is relevant in the 3HDM.

Charged Higgs bosons can span a broad mass range and are thus classified as light, intermediate, or heavy. Light charged
Higgs bosons have a mass below 160 GeV and can therefore be produced in top-quark decays, i.e. t — H™b. Top-quark
pair production has a huge cross-section, so even a tiny branching fraction to H*b can lead to a sizeable event rate.
Charged Higgs bosons with a mass larger than that of the top-quark (called heavy H™ in this context) are produced in gg
or gb processes via the thH* coupling with additional b- and t-quarks in the final state (details of these calculations and
how overlap is handled can be found in Ref. [30] and references therein). For charged Higgs bosons with a mass close
to that of the top-quark, which defines the intermediate mass range, the tt and gg or gb production processes interfere,
leading to a complicated situation [97]. These production processes are displayed in Fig. 6.

The decay of the charged Higgs boson is also governed by its mass. In an aligned 2HDM, if the H* mass is larger than
the sum of the top-quark and b-quark masses, then its decay into tb is dominant, followed by decay into t+v. As in the
case of neutral Higgs bosons, the Yukawa couplings to higher-mass particles are larger. If the charged Higgs boson is
lighter than the top quark, then the decay into t*v is dominant. The T v channel is therefore relevant over the entire
mass range and has been explored even in the difficult intermediate region.

HY — th.

The search for Ht — t1v [94] is conducted over a wide mass range of 90-2000 GeV, and includes production through
top-quark decays, the intermediate region, and t-associated production. Hadronic t decays (thaq) are selected, and the
W-boson (from the decay of the top quark that is produced in association) decays either to jets or leptonically, which
leads to three categories: t+jets, T + e or T + w. In the case of the r+jets category, the r candidate must have a pr of at
least 40 GeV, and the event must have E{“iss > 150 GeV and at least three jets, one of which is b-tagged. These events
are selected with an E{“i“ trigger. In the case of the v + ¢ categories, the events are selected with single-lepton triggers,
the thaq must have pr > 30 GeV, there must be at least one b-tagged jet, and the th,q and the lepton must have opposite
charge. The final discriminant in each category is the output score of a BDT, trained separately for five regions across the
H* mass range.

H' — tbh.

The search for HT — tb [95] considers H™ production in association with, as well as decay into, t and b, leading to final
states with many jets and b-jets. Events are required to contain exactly one lepton (electron or muon, with a pr above
27 GeV), arising from one of the t-quark decays, which also motivates the usage of single-lepton triggers. The events
must also have at least five jets with pr > 25 GeV, and at least three of them must be b-tagged by the mv2c10 algorithm
with a working point corresponding to 70% b-tagging efficiency. The events are then grouped into four signal-enriched
categories>: 5j3b, 5] > 4b, >6j3b and >6j > 4b. Since both the production and the decay involve top quarks and b-jets,
the modelling of tt+jets backgrounds is the main challenge in this analysis. Data are used to correct and control both the
shape and normalization of these background contributions. A sophisticated NN algorithm is trained separately in each
category to discriminate between signal and background; this works very well when the H™ is heavy and signal events
are kinematically quite different from typical background events, but at lower masses the discrimination becomes weaker.

2 For simplicity and better readability, only the positive charge is indicated, but both charges are always implied.

3 The notation njmb means that the event has n jets of which m are b-tagged, and >nj > mb means the event has at least n jets of which at
least m are b-tagged.
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Fig. 7. lllustrative Feynman diagram for the VBF production of a charged Higgs boson with subsequent decay into vector bosons.

The final discriminant is the output score of the neural network. The H* mass range explored is 200-2000 GeV. Above an
H* mass of about 1 TeV the jets tend to merge, resulting in a loss of acceptance which could be recovered in a dedicated
boosted analysis with large-radius jets.

Ht — cbh.

The search for HT — cb [96] focuses on H™ production in tf decays, in a mass range of 60-160 GeV. One top quark
decays into H*b, and the other top quark is required to decay into Wb and then to a lepton, which is used to select such
events via single-lepton triggers. The leptons must have a pr greater than 27 GeV. To enter the signal regions, the events
must also contain at least four jets, and at least three are required to be b-tagged. The fourth jet is assumed to come from
the hadronization of the c-quark, although no dedicated c-tagger is used. The b-tagging uses the DL1r algorithm and four
working points corresponding to different b-tagging efficiencies, which is also called pseudo-continuous b-tagging. The
events are eventually grouped into six signal-enriched categories: 4j3b, 5j3b, 6j3b, 4j4b, 5j > 4b and 6j > 4b. The final
discriminant is the output score of a neural network in regions with exactly three b-jets, and the total event yield is used
in regions with four or more b-jets.

3.2.2. Charged Higgs bosons decaying into bosons

The charged Higgs boson can also decay into bosons. This was investigated by ATLAS in the Wa [98] and WZ [99] final
states. The decay into Wa requires the presence of another scalar (a), which is assumed to be light in that ATLAS search.
Such a signature is typical for 2HDM+a scenarios. More generally, the decay of the charged Higgs boson to final states with
a W boson and a neutral Higgs boson can have sizeable branching fractions in large phase-space regions of the 2HDM.

The WZ decay channel was explored in the GM model, which predicts a fermiophobic charged Higgs boson with large
couplings to vector bosons. This enables the production of the charged Higgs boson through VBF, and its subsequent decay
into vector bosons, displayed in Fig. 7. In the 2HDM, this process is strongly suppressed.

Ht — Wta.

The search for HT — W™a [98] considers light H* mass hypotheses in the range of 120-160 GeV and also assumes
the existence of a new light scalar a that has a mass of 15-72 GeV and decays into u* ™. This is a specific choice made
in the analysis; the a-boson could decay differently, but the dimuon channel is favoured because it allows the mass to
be reconstructed with very good resolution. The H™ is produced in tt decays. At least one of the top quarks is required
to decay to a lepton, which can then be used for triggering. The minimum pr for the electron (muon) is 27 (10) GeV.
Furthermore, the selected events must contain two opposite-charge muons that have an invariant mass consistent with
that of the hypothesized a-boson. This leads to two signal-enriched categories: ex e or . Events are also required to
contain at least three jets, one of them b-tagged. The final discriminant is the invariant mass of the two muons used to
reconstruct the a-boson.

HY - W*Z.

The search for HF — W™Z [99] is tailored to the GM model, in which the charged Higgs boson of the custodial
five-plet (HS+ ) is fermiophobic and therefore has enhanced couplings to vector bosons. The W and Z bosons are assumed
to decay leptonically. Events are selected using single-lepton triggers, and they are required to contain three leptons. The
pr of each lepton must be at least 25 GeV, and this requirement is raised to 27 GeV for the trigger-matched lepton. A W
and a Z candidate are reconstructed from the leptons and the E{“iss (since the leptonic decay of the W boson leads to a
neutrino). To enrich the selection further in the signal process, events must contain two jets that are consistent with a
typical VBF signature (large invariant mass of the dijet system and a high output score from a neural network that was
trained on this signature). There is only one signal region, but two control regions are included in the fit to constrain the
main backgrounds (ZZ and QCD-produced WZ) using data. The final discriminant is the invariant mass of the WZ system.
The H™ mass range explored in the search is 200-1000 GeV.
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Fig. 8. Illustrative Feynman diagrams for the production modes explored in ATLAS searches for doubly charged Higgs bosons: (a) pair production
via the Drell-Yan process, (b) associated production with an H*, and (c) production via W-boson fusion.

3.2.3. Doubly charged Higgs bosons

Some non-minimal BSM scenarios with an extended Higgs sector predict the existence of doubly charged Higgs bosons.
ATLAS conducted searches for H™ in two channels: H** — W*W™ [100,101] and H™ — ££ [102]. These decays
complement each other nicely, as either one or the other usually has a large branching fraction. The Drell-Yan process
would produce H™ bosons in pairs; another possibility is production of one H™ in association with an H™, and a single
H*™ could also be created via vector-boson fusion. These production modes are displayed in Fig. 8.

HtT - wtwt,

A search for Ht+ — WTW™ [100] motivated by type-II seesaw models considered pair and associated production. In
the case of pair production, both H** are assumed to decay into two W bosons, while for associated production the H*™ is
assumed to decay into WTW™, and the H* into W*Z. Events are selected using single-lepton triggers. Six signal-enriched
categories are defined: 2¢SS (with same-sign charge), which is further split into ee, uu and eu; 3¢, which is split into
subcategories with or without a same-flavour opposite-charge lepton pair; and 4¢, which has too few events to be split.
The leptons must each have pr > 20 GeV, and the lepton that fired the trigger must have pr > 26 GeV. Requirements
that depend on the H* mass are placed on the E{“iss to further enrich the selections in potential signal events. The
backgrounds are validated in regions with E{“iss selections looser than those used to define the signal regions. The final
discriminant is the event yield in each category. The H*" mass range explored is 200-600 GeV.

In a different analysis the results of a SM measurement of vector-boson scattering are reinterpreted to set limits on
the VBF production of Ht* — WTW™ in the mass range of 200-3000 GeV [101]. This analysis selects events that have
two same-sign leptons with pr > 27 GeV, E{"iss > 30 GeV, and two high-pr jets consistent with VBF production. The final
fit is performed on a 2D discriminant of the dijet mass versus the transverse mass of the dilepton and E{“iss system.

H+ — gtet,

The search for Ht™ — ¢T¢1 [102] investigates pair production of H*™, with each H*" decaying into a pair of leptons
(e, u or 7) with the same charge. The same-charge requirement gives a striking signature that is not expected in most
other processes. Lepton-flavour-violating decays are allowed and considered. Events are selected with two-lepton triggers.
Final states with two, three or four light leptons (electrons or muons) are selected, meaning the only t decays included
are leptonic. Five signal-enriched categories are constructed: ee, e, nu, 3¢ and 4£. The 2¢ and 3¢ categories must contain
one same-sign lepton pair, and the 4¢ category must contain two such pairs. The leading same-sign lepton pair must have
an invariant mass of at least 300 GeV. This pair’s mass is the final discriminant in the 2¢ and 3¢ regions, whereas the 4/
region has far fewer events and the final fit uses the event yield instead. The mass range explored is 400-1300 GeV.

3.3. Searches for additional scalars decaying into Higgs boson pairs

Enhanced non-resonant or resonant Higgs boson pair production, HH, is predicted in many BSM theories, whereas in
the SM, the Higgs boson pair-production cross-section is too low to be currently observable at the LHC [103,104]. It is
several orders of magnitude smaller than the single-Higgs-boson production cross-section [30]. Searches for BSM physics
in the di-Higgs sector are nevertheless very relevant.

Modifications to the non-resonant HH cross-section occur in BSM scenarios with new, light, coloured scalars [105],
in composite Higgs models [106], in theoretical scenarios with couplings between pairs of top quarks and pairs of Higgs
bosons [107], and in models with a modified coupling of the Higgs boson to the top quark. A description of this is beyond
the scope of this review.

Sources of HH resonances include heavy Higgs bosons from extended Higgs sectors such as those in 2HDMs [29],
the MSSM [32,33], twin Higgs models [108], and composite Higgs models [106,109]. Heavy resonances that decay into
pairs of Higgs bosons also include spin-0 radions and spin-2 gravitons from the Randall-Sundrum model [110-112], and
stoponium states in supersymmetric models [113]. The results from searches for spin-2 resonances decaying into HH are
not covered here.
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(a) (b)

Fig. 9. Illustrative Feynman diagrams for the production modes explored in ATLAS searches for resonant Higgs boson pairs: (a) gluon-gluon fusion
(ggF) and (b) vector-boson fusion (VBF). X is a generic spin-0 boson, also sometimes referred to as an additional scalar.

The rich diversity of decay channels and final states presented here is important not only because it enhances the
discovery potential, but also because it helps us understand the sensitivity of various decay channels for observing Higgs
boson pair production, and improves the projections in studies for future high-luminosity and high-energy colliders. Now
that experience has been accumulated regarding detector performance and cut-based analyses, there is increased usage
of modern machine-learning techniques, which enhance the performance of many aspects of the searches.

For consistency with the cited publications, the 125-GeV Higgs boson is now denoted H in the context of Di-Higgs
searches.

3.3.1. Resonant HH

_ This subsection covers ATLAS searches for resonant Higgs boson pair production (via a new scalar) in the ggF HH —
bbbb, VBF HH — bbbb, HH — bbt™t~, HH — bbt*t~ (boosted) and HH — bbyy topologies. Both the ggF and VBF
production modes are used here, and are therefore displayed in Fig. 9, where X is a generic spin-0 boson, also sometimes
referred to as an additional scalar. Then follows a full Run 2 combination of the channels with these final states, based
only on the ggF production mode because it is the strongest.

ggF HH — bbbb.

This is a search for a new boson which would be revealed by resonant pair production of SM Higgs bosons via gluon-
gluon fusion, using the bbbb final state and 126-139 fb~! of data [114]. The analysis uses two separate complementary
channels, resolved and boosted, to target the 250 GeV to 1.5 TeV and 900 GeV to 5 TeV mass ranges, respectively. In
the former the four b-quark jets are reconstructed individually, and in the latter they are paired in two large-radius jets.
Large-radius jets are not b-tagged directly; instead, track-jets are matched to the large-radius jets and are then subjected
to b-tagging algorithms. The four-momenta of the two SM Higgs boson candidates are rescaled so that each conforms
to a mass of 125 GeV, and the final discriminant is the ‘corrected m(HH)', the invariant mass obtained from the sum of
these rescaled four-momenta. This search improves on previous versions, with machine-learning enhancements in several
areas, an extended search range and better b-tagging.

VBF HH — bbbb.

This is a generic inclusive search for a resonance with a mass my of 260-1000 GeV, using 126 fb~! of data. It is
based on VBF Higgs boson pair production, characterized by a large rapidity gap between the two jets from the quarks
radiating the vector bosons, and uses the dominant bbbb decay mode of the two Higgs bosons [115]. The analysis has two
signal classes. Firstly, a broad resonance (width ~ 10%-20%) is considered, corresponding to a heavy scalar of a type-II
2HDM [29]. Secondly, a narrow resonance with a fixed generated width of 4 MeV is used as a signal benchmark. Events
with four central b-tagged jets with pr > 40 GeV and at least two forward jets with pr > 30 GeV are selected. The b-jet
pairing optimizes the formation of dijets compatible with Higgs boson decays, taking into account the expected correlation
of the four-b-jet invariant mass with the Lorentz boost of the Higgs bosons and thus with the angular separation of the
two b-jets in each dijet. A machine-learning approach corrects the b-jet energies for effects not considered in the default
calibration. As a result, the H — bb mass peak is closer to 125 GeV, and the resolution for a simulated 600 GeV resonance
improves by about 25%. Several additional requirements suppress sources of dijet background. The final discriminant is
the four-b-jet invariant mass.

HH — bbt*t~.

This analysis searches for resonant HH production, using 139 fb~! of data, in final states with two opposite-sign 7-
leptons and two b-jets, with at least one 7,4 candidate [116]. The search targets a narrow resonance with my in the range
251-1600 GeV. To be selected, events must contain signatures consistent with the visible part of a th,g decay (Thad-vis)
as well as E{“iss appropriate for the neutrinos from the decays of the r-leptons and b-hadrons. The analysis is split into
three categories based on the trigger and the r-lepton decay mode. Events in the th,qthaq Category are selected using a
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combination of single-thaq4.vis triggers, with a pr threshold of at least 80 GeV, and di-thaq4.vis triggers, with a pr requirement
of 35 (25) GeV for the leading (subleading) Thad-vis. Events in the 7, Thag categories were recorded using a combination
of single-lepton triggers (which defines one category) or lepton-plus-thaq.vis triggers (used for the other category). The
lepton’s pr requirements depend on the lepton’s flavour and the data-taking period and are in the range of 14-26 GeV.
Multivariate discriminants are used to reject the backgrounds; the most important variables entering these discriminants
are the reconstructed Higgs boson masses and the di-Higgs mass. The final fits are performed on the output scores of
these discriminants.

HH — bbt*t~ (boosted).

This search uses 139 fb~! of data and it investigates resonant HH production in final states with two opposite-sign
hadronically decaying t-leptons and two b-jets. In this incarnation of the search, a new technique for reconstructing and
identifying t pairs with a large boost is exploited [117]. The Higgs boson pair is produced by ggF, and the search focuses
on a ‘heavy’, narrow, scalar resonance in the mass range 1-3 TeV. Ref. [117] includes a dedicated benchmark of the new
di-7 tagger as well as its performance in terms of rejection rate for light-quark- and gluon-initiated jets misidentified as
di-t objects using multivariate techniques. Events are selected if they satisfy a rather high trigger Er threshold (at least
360 GeV) for a large-radius jet. For orthogonality with HH — bbbb, events with more than one large-radius b-tagged jet
are vetoed. The discriminating variable is the Higgs boson pair mass.

HH — bbyy.

Searches are performed for resonant Higgs boson pair production via ggF and VBF in the bByy final state with 139 fb~!
of data [118]. The probed range for a narrow resonance is 251 < my < 1000 GeV. The analysis employs multivariate
methods for the photon energy calibration, the b-tagging of jets, and the rejection of background processes. In the context
of the resonant search, non-resonant HH production is considered as a background. Events are selected if they have exactly
two b-jets, at least two photons, and the two leading photons have an invariant mass within a window around the SM
Higgs boson mass. Other criteria reject possible backgrounds. The photon identification is particularly stringent and the
latest high-performance b-jet tagger DL1r is used [66]. Two BDTs are trained to discriminate between the di-Higgs signal
and either the non-resonant backgrounds or the resonant single-Higgs-boson backgrounds, and the combined BDT score
is used to define two signal-enriched categories. The reconstructed resonance mass, Mpp,,, is used in the BDT training.
The final discriminant is the diphoton invariant mass m,,,,.

Combination for HH. o

_ A combination of searches for resonant Higgs boson pair production was performed recently [119], using the bbbb,
bbt*t~ and bbyy final states and up to 139 fb~! of data. The gluon-gluon fusion production mode is considered because
it is typically the dominant production mechanism for heavy Higgs bosons. The tested mass range for the new scalar
resonance is 251 GeV < my < 5 TeV. Compared to other channels, the three included decay modes provide better
sensitivity to Higgs boson pair production because they either have large branching fractions or are easy to discriminate
from background processes. The previous combination of searches for resonant Higgs boson pair production [120] covered
six channels but it was performed for up to 36.1 fb~! of data.

3.3.2. Resonant HH/SH/SS decaying into W bosons
This section covers ATLAS searches for resonant Higgs boson or heavy scalar pair production in the following topologies:
HH/SS — WW*WW?*, HH — bbWW*, HH — yyWW* and SH — WTW t+¢ ™.

HH/SS — WW*WW*.

This search uses 36 fb~! of data and covers either resonant Higgs boson pair production or resonant production of a
pair of heavy scalar particles (S) [121]. The final states considered have either two same-sign leptons, three leptons or
four leptons, which defines three categories:

WW*WW* — 2v + v + 4q,
WW*WW?* — 2v + £v + Ly + 2q,
WW*WW?™* — v + Ly + Ly + Lv.

The search range is 135 < ms < 340 GeV for the pair of new scalars and 260 < my < 500 GeV for the scalar progenitor
of the pair of Higgs bosons or new scalars. The production modes considered are ggF, VBF and production in association
with a W or Z boson or a top-quark pair. All scalars are assumed to be on-shell and the heavy resonance decays mostly
into the pair of scalars for the models considered. Electrons are identified using medium (tight) criteria [73] for the four-
lepton channel (two- and three-lepton channels) and must have pr > 10 GeV. Muons are identified using medium (tight)
criteria [71] for the four-lepton channel (two- and three-lepton channels) and must have pr > 10 GeV. Jets are required
to have pr > 25 GeV and events containing b-jets are vetoed to make this search orthogonal to similar searches with
final states involving at least one H — bb decay. A final selection uses a multivariate procedure which includes several
kinematic variables depending on the category. These selections optimize the discriminating power for the signal across
a set of benchmark mass points for both X and S.
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g H

Fig. 10. Illustrative Feynman diagram that contributes to X — SH production via the gluon-gluon fusion process.

HH — bbWW*. ) )

Searches are performed for resonant Higgs boson pair production in the bbWW* decay mode and the bbfvqq final state
with 36 fb~! of data [122]. The probed mass range for the scalar hypotheses is 500 < my < 3000 GeV. The H — WW*
branching fraction is the second largest after H — bb, so the bbWW™ final state is important provided that the signal
can be well separated from the dominant tt background. The resonant search uses two complementary procedures to
reconstruct the Higgs boson that decays into bb, these being ‘resolved’ and ‘boosted’, where for the latter case, a single
large-radius jet represents the bb pair. The detector signature is one charged lepton (e/u ), large E{“iss, and four or more
jets (exactly two of which are b-tagged and at least two are non-b-tagged). For events to be selected, electrons must be
isolated and satisfy tight identification requirements, both electrons and muons must have pr > 27 GeV, resolved jets
must have pr > 20 GeV and boosted jets must have pr > 250 GeV. The dominant tf backgrounds are constrained by
using several data control regions. The final discriminant is the reconstructed resonance mass myy.

HH — yyWW*,

This search for resonant Higgs boson pair production probes the yy WW* channel and the yy£vjj final state, using
36 fb~! of data [103]. The mass range searched for a narrow-width resonance is 260 < my < 500 GeV. This search
benefits from the large H — WW* branching fraction, the clear signature from the photon pair and lepton, and good
resolution for the diphoton invariant mass m,,,. The selection includes p¥ Y > 100 GeV, except for my < 400 GeV, and
m,,,, must lie within a window around the Higgs boson mass. A selection on EMsS was found to not add sensitivity. The
final discriminant is m,,,.

X —-SH—> Wrttr~.

This search targets a new heavy scalar particle X decaying into a SM Higgs boson and a new singlet scalar particle S,
where the Higgs boson decays into t-leptons, H — t71~, and the new scalar decays into vector bosons, S — VV (with V
being W or Z) [123]. One of these vector bosons decays to one or two light leptons and the other decays hadronically or
into neutrinos. The search uses 140 fb~! of data. Fig. 10 displays a representative Feynman diagram. The mass range for
the progenitor scalar is 500 < my < 1500 GeV while that of the new scalar (with decay branching fractions as expected
in the SM) is 200 < mgs < 500 GeV. Events are selected if they have two hadronically decaying t-leptons, and one or two
light leptons (¢ = e, i) from the vector bosons. The signal purity is enhanced by using multivariate techniques based on
BDTs exploiting the different kinematic distributions of the signal and background. The final fit is performed using both
the reconstructed my and mg in a 2D discriminant.

X — SH — bbyy.

This search considers an extended BSM Higgs sector and targets a new heavy scalar X decaying into a Higgs boson and
a new lighter scalar S, given by X — S(bb)H(yy), and uses 140 fb~! of data [124]. The search ranges are 170 < my <
1000 GeV and 15 < ms < 500 GeV. The signature includes a diphoton, with a reconstructed mass corresponding to a
SM h1,5 Higgs boson, and two b-tagged jets. The new boson’s width is assumed to be narrow. The final discriminant uses
parameterized neural networks which enhance the signal purity and provide sensitivity across the explored region of the
(my, mg) plane.

3.4. Searches for additional scalars and exotic decays of the Higgs boson

Many of the theoretical models proposed in Section 2 motivate the search for exotic Higgs boson decays, reviewed
for example in Ref. [125]. These include models addressing the baryon asymmetry of the universe [126], the naturalness
problem [127], the nature of dark matter [128] or the anomalous magnetic moment of the muon [129]. The Higgs boson
has a particularly narrow width, so its branching fraction to BSM particles via exotic decays could be sizeable. The next
subsection discusses analyses to constrain the branching fraction for Higgs boson decays into invisible particles, and the
two following subsections explore the suite of ATLAS Run 2 searches probing exotic and rare decays of the Higgs boson.

3.4.1. Exotic decays of the Higgs boson to invisible final states

Many BSM theories predict invisible decays of the Higgs boson. The SM Higgs boson can decay invisibly to neutrino
final states, but the branching fraction is very small (0.1%), leading to good sensitivity for this invisible BSM channel. As
dark matter (DM) particles must be massive, they could couple strongly to the Higgs boson, making it an important portal
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for their discovery. Measuring the branching fraction for Higgs boson decays into invisible particles, B(H — invisible),
can lead to constraints on the dark sector. This section also considers the exotic semi-visible Higgs boson decay via a SM
photon and a dark photon, which can be massless or massive. Although the three H — invisible searches described here
have a progenitor Higgs boson at my = 125 GeV, they can also constrain other possible BSM scalar bosons. Searching for
decays of the Higgs boson to (semi-) invisible final states is a powerful way to probe BSM physics.

ZH, H — invisible.

Using Higgs boson production in association with a Z boson, a search was performed [130] for an excess of events in the
invisible decay channel of the Higgs boson. In this search, events must have two leptons (2e or 2x) with pf > 20, 30 GeV
that form a Z boson, have E{“iss > 90 GeV, and satisfy other criteria. The final discriminant for the invisible decays of the
Higgs boson is based on the output of a BDT. For the model-dependent searches (simplified DM models and the 2HDM+a)
the final discriminant is the transverse mass calculated from the EM"*S and the di-lepton system.

VBF, H — invisible.

This search probes the SM Higgs boson as well as possible additional BSM scalar bosons, produced mostly via vector-
boson fusion, that are all envisaged to subsequently decay into invisible particles [131]. The scalar boson mass range
is 50 GeV < myx < 2 TeV. This is an improved version of previous similar analyses [132], not only with more data,
but also with a refined analysis strategy, finer binning in the dijet mass, new binning in dijet azimuthal separation as
well as in jet multiplicity, and it includes new methods to improve the evaluation of the backgrounds. The selection
for the VBF production mode was improved to require events to have two energetic jets which exhibit a large rapidity
separation and a large dijet invariant mass, and to contain sizeable E{“iss. Events with additional jets are included only
if the additional jets were shown to arise from final-state radiation. The event selection in the signal region relies on a
number of topological and kinematical requirements that are used to define 16 signal-enriched regions (SRs). To constrain
the dominant backgrounds, which are Z — £¢ and W — {v, 16 corresponding control regions are constructed to be
kinematically similar to the SRs but have a different requirement on E{"iss in order to enrich these regions in background
events. The signal and control regions are then subjected to maximum-likelihood fits to extract limits on the branching
fraction of H — invisible.

Combination of searches for H — invisible.

A statistical combination of six searches for H — invisible decays across several production modes of the SM Higgs
boson yields the most sensitive direct constraint on its invisible decays yet obtained by ATLAS [133]. The five Higgs
boson production modes are VBF+EMS, Z — ¢ + EPMS, ¢t + EMSS, VBF+EM™S + y, and jet+E!S, all using the full
Run 2 dataset (139 fb~!). The H — invisible combination from Run 1 is also included. The statistical combination of the
analyses is performed by constructing the product of their respective likelihood functions and maximizing the resulting
profile likelihood ratio, with careful treatment of possible correlations between uncertainties.

ZH, H — yvyq.

This is a search for a dark photon [134] using 139 fb~! of data. The dark photon is the boson of the U(1), gauge group
of the dark sector. This channel is often referred to as the vector portal because there is kinetic mixing between the Abelian
gauge field of the SM and that of the dark sector. The mixing enables the exotic decay of the SM Higgs boson, H — y yy,
which is probed in this analysis, assuming associated production of ZH with Z — ¢*¢~ (£ = e, ). The signature consists
of a photon with an energy E, = my/2 in the Higgs boson’s centre-of-mass frame and a similar amount of E{"iss which
originates from the escaping y,. The leptons are used for triggering and provide a Z-boson mass constraint. The dominant
reducible background processes are estimated using data-driven techniques. A BDT technique is adopted to enhance the
sensitivity of the search. The transverse mass mr of the y—E}“iSS system has a distinctive kinematic edge at the Higgs
boson mass and is used as the final discriminant.

3.4.2. Exotic decays of the Higgs boson or a heavy scalar into (pseudo)scalars or vector bosons

This section covers ATLAS searches for exotic decays of the Higgs boson into (pseudo)scalars or vector bosons in
the intermediate state, including the searches for H — XX/ZX — 4¢, H — aa — bbu*u~, H — aa — (bb)(bb),
H — aa — yyjj, H - aa — 4y and ® — SS — LLP, where SS — LLP denotes decays of scalar long-lived particles
(LLP). Searches for H — Za — £™¢~ +jet, H — Za — £7¢~ 4+ yy and H — xqx; are also covered in this section.

H — XX/ZX — 4¢.

This search targets a new spin-0 or spin-1 boson from the exotic decay of a SM Higgs boson into four leptons
(€ = e, ) [135]. The intermediate state contains two on-shell, promptly decaying bosons H — XX/ZX — 4¢, where the
new boson X is in the mass range 1 < my < 60 GeV. The X boson can be the dark vector boson Z; of the Hidden Abelian
Higgs Model (HAHM) [20,21] or the scalar/pseudoscalar of the 2HDM+S or 2HDM+aq, respectively [21]. Fig. 11 shows the
relevant Feynman diagrams for the three analyses in Ref. [ 135], where ZZ; probes the hypercharge portal, Z;Z; explores the
Higgs portal for the dark vector boson, and aa/ss couple to SM particles through mixing with the SM Higgs field in models
with an extended Higgs sector. In this last case, the selected final-state leptons are exclusively muons. The three analyses
share a common event preselection but differ in the subsequent steps of selecting the candidate final-state leptons,
assigning them to quadruplets, selecting one of those quadruplets, and placing further requirements on the selected
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Fig. 11. Illustrative Feynman diagrams for exotic decays of the Higgs boson into four leptons induced by intermediate dark vector bosons via (a) the
hypercharge portal where € measures the hypercharge kinetic mixing and (b) the Higgs portal, where s is a dark Higgs boson and « measures the
Higgs boson coupling, and (c) is the Higgs boson decay via scalars s or pseudoscalars a.

quadruplet. In the Z;Z; case, the analysis is somewhat inspired by the related SM Higgs boson discovery channel [136],
with some important differences, e.g. the similar invariant masses of dilepton pairs that each form a Z; must not be
compatible with the SM Z boson. The final discriminant is the reconstructed Z; mass in the range 15 < my < 60 GeV.
The 4u-final-state analysis extends the search region to cover 1 < my < 15 GeV, again with subtly different event
selections. The ZX analysis looks for an excess in what would be the off-shell boson’s mass distribution in the ATLAS SM
H — ZZ* — 4¢ analysis [136]; however, there are differences in the dilepton cuts, alternative pairing requirements and
quadruplet ranking, among others.

H — aa — bbu*p .

ATLAS has searched for the exotic decay of the Higgs boson into a pair of light new BSM pseudoscalar mediator particles,
aa, where one of them decays into a b-quark pair and the other one onto a muon pair [137]. This search uses the full
luminosity of 139 fb~!, and also introduces machine-learning techniques to suppress the backgrounds and enhance the
search sensitivity. The final discriminant is the dimuon invariant mass, and its very clean spectrum is searched for a
narrow resonance with a mass between 16 and 62 GeV. The pseudoscalar couplings are assumed to be proportional to
mass, so the rare but clean a — "~ decay is balanced by the more probable a — bb decay. This analysis has particular
sensitivity to scenarios where there are enhanced lepton couplings [138], in which case B(a — u*u ™) may also be large.
The LLP version of this search is described in Section 9.1.1 of a companion report [139].

H — aa — (bb)(bb).

This search probes BSM exotic decays of the Higgs boson into a pair of new spin-0 particles which then each decay into
a pair of b-quarks [140]. The mass range explored for the possible new boson is 15 < m,; < 30 GeV, where a large boost
can lead to collimated decay products. In this case, a specific analysis strategy must be used because the jets from the
hadronization of separate b-quarks within a pair may merge into a single jet. A multivariate technique considers several
jet characteristics in order to perform the di-b-quark selection. The search considers the production of a Higgs boson in
association with a Z boson, and uses 36 fb~! of data. It complements the previous search in the same final state performed
with the same dataset in the range 20 < m, < 60 GeV, where the decay products are usually well separated [141]. An
additional feature of the new search is a novel strategy to treat the collimated a — bb decays. The events must contain
the dilepton decay (¢7¢~, ¢ = e/u) of the Z boson and the two merged a — bb decays, all satisfying minimal kinematic
requirements, and mass compatibility requirements are imposed on the a-bosons. The final discriminant is m,;, which
allows m, to be estimated.

H — aa — 4y.

This is a search for the exotic Higgs boson decay into two axion-like particles (ALPs) where each ALP decays into
two photons [142]. The search is sensitive to recently proposed models that could explain the tension between theory
and experiment for the anomalous magnetic moment of the muon. The probed mass range is from 100 MeV to 62 GeV
and ALP-photon couplings C,,, are in the range 1075 Tev~! < Capy/A =1 TeV~! (where A is the new physics scale,
assumed to be in the TeV range). The signatures may therefore include significantly displaced a — yy decay vertices
and highly collinear photons. The search uses 140 fb~! of data. An ALP mass of m, = 3.5 GeV marks the transition from
a boosted event topology to a resolved event topology. Neural network classifiers were trained to distinguish between
single-photon and collimated-photon signatures in the boosted region. The prompt-decay and long-lived scenarios are
separated at a coupling of Cgy,, /A > 0.1 TeV~!, while small couplings Cg,, /A < 107> TeV~! imply that the ALP escapes
the detector. A dedicated set of search strategies were developed to handle the various scenarios, including the long-lived
a — yvy decays, which are probed here for the first time. The signal region examines the reconstructed invariant mass of
all photon candidates, m;<°, which is expected to peak at the Higgs boson mass, while the background is estimated from

inv *

the sidebands. The final discriminant is the ALP mass m;"“°, where a narrow resonance is sought.
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H — aa — yyjj.

This is the first search for a Higgs boson decaying into a pair of new (pseudo)scalar bosons where one of the new bosons
decays into a pair of photons and the other decays into a pair of gluons [143]. It is complementary to the H — aa — 4y
analysis, which is more sensitive when the new sector has enhanced photon couplings. The search envisages a new sector
where the ratio of photon and gluon couplings to the a-boson is similar to the ratio of couplings to the SM Higgs boson.
It is also applicable to the mixed H — aa’ — yyjj scenario. To enhance the sensitivity, the VBF Higgs boson production
mode is selected by requiring two light-quark jets with a large opening angle and a large invariant mass, in addition to
the jets which are decay products of the a-boson. The mass range explored for the a-boson is 20-60 GeV and the search
uses 36.7 fb~! of data. The two pairs of signal candidates (a diphoton and a dijet) form a Higgs boson candidate if their
combined reconstructed invariant mass is in the range 100 < m,,; < 150 GeV. The final discriminant is the diphoton
mass m,,,,, which has excellent resolution, and is the proxy for the a-boson mass m.

® — SS — LLP.

This is a dedicated search for pair-produced neutral long-lived scalar particles, SS, where the progenitor is a Higgs
boson or more generally an additional scalar boson [144]. The decay @ — SS — ffff has fermions in the final state. The
mass range for the scalar boson progenitor @ is 60-1000 GeV and that for the LLP intermediate-state scalar bosons S is
5-475 GeV. The search uses 139 fb~! of data. In the hypothesized physics process where the scalar has the largest mass
ms (475 GeV), decays into top quarks dominate (B > 99%). Conversely, for the hypothesis with the lightest ms (5 GeV),
decays into charm quarks dominate (8 ~ 75%), followed by decays into t-leptons (B ~ 25%). For the other ms hypotheses,
the branching fractions are approximately constant and typically 85%:8%:5% for bb, cc, and Tt ~, respectively. The SM
fermions from the LLP decay result in displaced jets, where the proper lifetime in distance units is ct € [20 mm, 10 m].
The event selection in this analysis therefore requires two non-standard displaced jets. There are two selections, one
optimized for mey < 200 GeV and the other for my > 200 GeV. The dominant background is SM multijet production.
This search employs a new per-jet method to discriminate between signal-like displaced jets and the non-displaced jets
or other background sources, with the help of a deep neural network using an adversarial training scheme (the first
such deployment in ATLAS). Per-event boosted decision trees use the per-jet neural network scores and other event-level
variables to select signal events. Finally, a data-driven ABCD method is applied to estimate the background. The statistical
signal-hypothesis test is performed simultaneously with the data-driven background estimation in all regions of the ABCD
plane, so that the amount of signal dynamically affects the background prediction. Further LLP searches are reviewed in
a companion report in this journal [139].

H — Za — Y0 + jet.

This search investigates Higgs boson decay into a Z boson and a light bosonic resonance (m, < 4 GeV) or a charmonium
state which further decay into the two-lepton+jet final state, using 139 fb~! of data [145]. The branching fractions
B(H — Za) and B(H — aa) can be independent, and therefore searches for H — aa do not constrain B(H — Za).
By targeting the H — Za, a — hadrons decay channel, this search accesses new, previously unexplored regions of the
parameter space. Higgs boson candidates are reconstructed from the lepton-pair + jet system, which requires mggje to be
compatible with the mass of the SM Higgs boson. With the goal of enhancing the signal, substantial progress was made
in the use of jet-substructure techniques in boosted final states. Various jet-substructure variables are combined, using
machine-learning techniques, to improve the reconstruction of a light, boosted, hadronic final state. The background is
dominated by Z + jet events and this is estimated with a modified data-driven ABCD method. The hadronic final states
of the mesons in H — Zn. and H — ZJ /¥ decays are included, but they have SM branching fractions of 1.4 x 10~ and
2.2 x 1078, respectively, and are therefore negligible. The final discriminant is the mygje; variable.

H— Za— ¢t +yy.

This search probes Higgs boson decay into a Z boson and a light pseudoscalar particle (0.1 < m; < 33 GeV) which
further decay into a two-lepton + two-photon final state, using 139 fb~! of data [146]. Light pseudoscalars that couple to
Higgs bosons appear in a wide range of BSM scenarios. As this is a relatively new search, it probes an unexplored parameter
space for models with ALPs and extended scalar sectors. The photons are treated either as a single cluster (m, < 2 GeV) or
as two resolved clusters. The dominant background is from SM Z-boson production in association with photons or jets. A
SM Higgs boson compatibility requirement is placed on mz, or mz,, for the merged or resolved categories, respectively.
The statistical analysis relies on fitting the m,,,, and ARz, distributions simultaneously. The latter variable is the angular
isolation of the lepton-photon system.

ZH, H — x1x2.

In this search, the Higgs boson is envisaged to decay into the two lightest neutralinos, H — 5({) 5(3 in a NMSSM
scenario [147]. The search also requires )”(2 —a f(f with a — bb where a is the additional pseudoscalar in the NMSSM,
assumed to be lighter than the SM Higgs boson. The analysis therefore focuses on the Peccei-Quinn symmetry limit of the
NMSSM. The Higgs boson is produced in association with a Z boson, and the search uses 139 fb~! of data. The final-state
signature consists of the two oppositely charged leptons from the Z-boson decay (for the trigger), two or more jets with
at least one from a b-quark, and E{™* from the two )”(? neutralinos. The search is performed for m, values between 20
and 65 GeV, and for a few sets of fixed values of myo and m;o. The main SM backgrounds in this search are Z bosons

produced with heavy-flavour jets, and tt events. The final discriminant is the dijet invariant mass.
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Fig. 12. Illustrative Feynman diagrams for LFV Higgs boson decays for the (a) t — fvyv, and (b) t — hadrons + v, final states. The off-diagonal
Yukawa coupling term is indicated by the Y,, symbol.

3.4.3. Rare, exclusive Higgs boson decays

This section collects the searches for rare, exclusive decays of the Higgs boson. First described is the search for
H — ee/eu and the search for the lepton-flavour-violating decays H — et/ut. Then follow searches for decays into
a meson and a photon, H - w/K*+y,H — (J/¥, ¥(2S), T(nS))+y and H — D*+ y, which probe some quark Yukawa
couplings and two flavour-violating decays.

H — ee/epu.

This is the first ATLAS search for Higgs boson decay into an electron-positron pair, H — ee, which should have a SM
rate too small to be observed with the current dataset. In the same search, Higgs boson decay into an electron-muon
pair, H — ey, is also considered, which could indicate BSM physics with lepton flavour violation (LFV) [148]. The search
closely follows that for the SM Higgs boson decay H — u*u~ [149] and uses 139 fb~! of data. The background in the
ee search is dominated by Drell-Yan events, top-quark pair (tf) events and diboson (ZZ, WZ and WW) events. In the eu
search, a much smaller yield of SM background events is expected. The final discriminants are m,, and m,,,.

H — et/ut.

This is a direct search for LFV in Higgs boson decays, H — et and H — put, using 138 fb~! of data [150]. It may be
possible for Higgs boson decays to exhibit flavour-changing dynamics, leading to the discovery of LFV at the LHC. Both the
leptonic (t — £v,v;) and hadronic (t — hadrons v, ) decay channels of the t-lepton are studied, as shown in Fig. 12. The
background estimation techniques include the use of templates from simulations with input from data-driven methods,
and a method based on exploiting the symmetry between prompt electrons and prompt muons in the SM backgrounds.
A multivariate analysis technique is deployed to further improve the separation of signal and background.

H— o/K*+y.

Searches for the rare exclusive decays H/Z — wy and H — K*y can probe flavour-conserving and flavour-violating
Higgs boson couplings to light quarks [151]. The search used 89.5 fb~! and 134 fb~! of data, respectively, for the two
decays. This search is interesting because it looks for possible BSM Higgs boson couplings to light first- and second-
generation quarks. Most of the previous investigations target the heavier second- and third-generation fermions, with
stronger couplings to the Higgs boson. The w and K* mesons are reconstructed via their dominant decays into 7 +z~7°
and K*7* final states, respectively. The dominant background arises from inclusive y +jet or multijet processes. This
background model is derived using a fully data-driven template approach and validated in a number of control regions.
The final discriminants are the reconstructed meson masses.

H — (J/¥,¥(2S), T(nS))+ y.

This analysis searches for exclusive Higgs boson decays into a vector quarkonium state and a photon. The final
state is utu~y and the search uses 139 fb~! of data [152]. The Higgs boson decays H — (J/¥, ¥(2S), T(nS)) + y
explore the charmonium and bottomonium sectors. Branching fractions are very low in the SM: B(H — J/¥ y) ~ 1076
and B(H — T(nS)y) ~ 107°—1078. Deviations of the quark Yukawa couplings from SM expectations can lead to
significant enhancements in the branching fractions of these radiative decays in BSM theories. The cross-section for
Z-boson production at the LHC is approximately 1000 times larger than that for Higgs boson production. Examining
similar radiative decays of the Z boson could therefore provide additional sensitivity. The muons are well identified
in ATLAS. Drell-Yan production of dimuons with significant final-state radiation is the main exclusive background. The
dominant background, however, is mostly from inclusive y +jet and multijet processes, and is estimated similarly to the
H — o/K* + y search discussed above. The discriminating variable is m+,-, .

H — D* 4+ y.
This analysis searches for exclusive Higgs boson decays into a D* meson and photon final state to probe flavour-
violating Higgs boson couplings to light quarks. The final state is K~ +y and the search uses 136.3 fb~! of data [153].
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The signature includes a high-energy photon and a meson. A di-track signal is used to reconstruct the D° meson from the
D* — D°7%/D% ,D° — K~ m* decay chain, leading to a three-body mass to reconstruct the initial Higgs boson. The n°
or photon in the D* decay are soft and are not explicitly reconstructed. An additional feature is the displaced D° decay
vertex, which provides a particularly distinct signature to use in rejecting multijet events, the dominant contribution to
the background. The final discriminant is Mg, .

4. Results

In this section the most important results of the ATLAS searches for additional Higgs bosons or exotic Higgs boson
decays are reported. This section makes no attempt to be complete, but rather focuses on interesting excesses as well as
model-independent and model-dependent constraints.

4.1. Neutral heavy Higgs bosons

4.1.1. Heavy Higgs bosons decaying into fermions

The A/H — T+t~ analysis [54] examines one of the most sensitive channels for type-II models. The transverse mass
(mg) distribution in the b-tag category of the 74.47haa channel is shown in Fig. 13(a). Since the mr variable does not fully
reconstruct the resonance mass (due to the presence of neutrinos), the signal peaks below the hypothesized mass of
the heavy Higgs boson. A slight excess is observed for m, of 400 GeV, contributed by the b-tag category of the thaqThad
channel and the b-veto category of the 7iepThaa channel. The local significances are 2.20 for ggF production and 2.70
for b-associated production. The global significance takes into account the look-elsewhere-effect [154] and is 1.9¢0. The
exclusions in the my-tan 8 plane of the M125 scenario of the MSSM are presented in Fig. 13(b) at 95% confidence level
(CL). To obtain these results, the statistical procedure used is the CLs modified frequentist method [155], as is the case for
all other results in this report. The mass degeneracy of the A and H bosons is valid in almost the entire phase space, but
not at low values of m, and tan 8. The excess is clearly visible in the MSSM exclusions, resulting in weaker constraints
around 400 GeV. Results in the hMSSM are displayed in Fig. 46.
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Fig. 13. A/H — t*t~: (a) The transverse mass distribution in the b-tag category of the th,qThag Channel. The predictions and uncertainties for
the background processes are obtained from a combined fit to all categories, assuming the background-only hypothesis. Expectations from signal
processes are superimposed. Overflows are included in the last bin of the distribution. (b) The 95% CL exclusions in the M'*> scenario of the MSSM
in the my-tan B8 plane. The region above the solid black line is excluded. The small blue-shaded corner at low m, and tan g values is the region
where the mass difference between the A the H bosons is larger than 50% of the experimental mass resolution.

Source: Figures are taken from Ref. [54].

The search for A/H — p*tu~ [55] was carried out with the 2015+2016 data of Run 2. The dimuon mass in the b-tag
category and the limits on b-associated production are displayed in Fig. 14. A slight excess is observed at 480 GeV which
comes almost entirely from the b-tag category. The local significance of that excess is 2.30 for b-associated production.
The significance decreases to 0.60 when the look-elsewhere-effect is included. In MSSM scenarios, the expected signal
rate in the "~ channel is much smaller than that in the 7 channel. The sensitivity of this A/H — u* ™ search is not
sufficient to constrain any of the MSSM scenarios.
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Fig. 14. A/H — pu*™p~: (a) The dimuon mass in the b-tag category of the search for A/H — p ™, with three signal hypotheses overlaid. (b) The
limits on the cross-section times branching fraction, assuming b-associated production. A slight excess at 480 GeV is visible.
Source: Figures are taken from Ref. [55].

The search for A/H — bb [56] yields sensitivity to type-II and flipped 2HDMs due to their enhanced coupling of the
heavy Higgs bosons to b-quarks, which is exploited twice in this channel: in the b-associated production and in the decay.
The discriminant m;B in the 5-jet category is presented in Fig. 15(a) for a heavy Higgs boson mass hypothesis of 600 GeV.
This distribution is ms-dependent because a transformation is performed for each A mass hypothesis to decrease the
correlation between the bb mass and the pr of the b-jets. This transformation increases the sensitivity of the analysis. The
exclusions in the flipped model are displayed in Fig. 15(b) for a heavy Higgs boson mass of 450 GeV. A specific mass was
chosen to allow a graphical representation of the exclusion in an otherwise 3-dimensional parameter space. Results in
the hMSSM are displayed in Fig. 46.
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Fig. 15. A/H — bb: (a) Post-fit distribution of m”JE for the 600 GeV mass hypothesis in the 5-jet category. The pre-fit background shape and its ratio
to the post-fit shape are also shown. The signal shape (red dashed line) is overlaid for illustration. (b) The 95% CL exclusion in the flipped 2HDM
for a fixed A mass hypothesis of 450 GeV. The high tan 8 region above the line is excluded.

Source: Figures are taken from Ref. [56].
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The results of the search for A/H — tt [57] are in good agreement with the SM in all categories. The reconstructed
tt mass in the resolved one-lepton category with two b-jets for a specific slice of the variable |cos#*| is displayed in
Fig. 16(a) after the fit to all categories. Here 6* denotes the angle between the momentum of the leptonically decaying
top-quark in the resonance centre-of-mass frame and the momentum of the reconstructed tt system in the laboratory
frame. The peak-dip structure of the signal-background interference is visible for two signal hypotheses displayed in
the lower ratio panel. The largest deviation from the background-only prediction has a local significance of 2.3 and is
obtained for my = 800 GeV and a generic signal width of 10%. The 95% CL limits in a type-Il 2HDM in the alignment limit
are presented in Fig. 16(b). In this model, but not all those reported on, the A and H bosons are mass degenerate. The
cross-section times branching fraction for the signal process rises for lower values of tan 8. Values of tan 8 smaller than
3.5 are excluded for a heavy Higgs boson mass of 400 GeV, and mass values up to 1240 GeV are excluded for the lowest
tested tan 8 value of 0.4.
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Fig. 16. A/H — tt: (a) Post-fit distribution of m; in the resolved one-lepton category with two b-jets. The signal shape with the interference effect
is visible in the lower panel for two signal hypotheses (red and blue lines). (b) The 95% CL exclusion in the aligned 2HDM in the m,-tan 8 plane.
The low tan g region below the line is excluded.

Source: Figures are taken from Ref. [57].

The ttH/A, H/A — tt search [58] suffers from a small cross-section compared to the ggF production model discussed
briefly in Section 3.1.1, but there is no interference between the signal and the background in this case, which simplifies
the search. However, the four-top topology leads to a high jet multiplicity that calls for multivariate analysis techniques.
The distribution of the BDT discriminant for a heavy Higgs boson mass of 1000 GeV is shown in Fig. 17(a). The limits on
the production cross-section times branching fraction are shown in Fig. 17(b), assuming that H and A are mass-degenerate
and both Higgs bosons contribute to the production. The cross-section predicted in the type-II 2HDM is also shown, and
the analysis constrains this model for very low values of tan 8, where the Yukawa coupling to top quarks is strongly
enhanced. This analysis is less sensitive than ggF A/H — tt at low mass, but is comparable for high Higgs boson masses.
Results in the hMSSM are displayed in Fig. 46.

The search for H — tt/tq [59] that introduces the BSM couplings oy, pw and pg yields an excess with a local
significance of 2.80 for coupling values of p; = 0.6, pp, = 1.1 and p, = 0. This excess is largest for a heavy Higgs
boson mass hypothesis of 900 GeV but the dependence on the mass is very weak, and the excess appears essentially for
any hypothesized mass. The event yields in all 17 signal regions and the limits on the cross-section for a heavy Higgs
boson are displayed in Fig. 18. Assuming the coupling values for the largest excess, the hypothesis of a heavy Higgs boson
in the g2HDM is nonetheless excluded at 95% CL for the mass range of 200-1500 GeV.

4.1.2. Heavy Higgs bosons decaying into bosons
The search for H — W*W™ [77] explored ggF and VBF production and a large range of masses up to 4000 GeV
but yielded no excess. Limits on the cross-section were obtained assuming either a generic narrow-width scalar or the
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Fig. 17. (tt)H/A,H/A — tt: (a) The output score of the parameterized BDT for a heavy Higgs boson mass of 1000 GeV. The signal accumulates at
large values of the score, while the background peaks towards lower values. (b) The 95% CL limits on the cross-section times branching fraction,
with two cross-section predictions overlaid for the type-II 2HDM.

Source: Figures are taken from Ref. [58].
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Fig. 18. H — tt/tq: (a) Comparison between data and the background prediction for the event yields in the 17 signal regions after the fit under the
signal-plus-background hypothesis. The signal displayed assumes my = 900 GeV and coupling values p; = 0.6, p, = 1.1 and p, = 0. (b) The 95%
CL limits on the cross-section times branching fraction for a heavy Higgs boson for the same coupling values (corresponding to the largest excess).
The red line indicates the predicted signal cross-section in the g2HDM, meaning this signal hypotheses is excluded for the mass range considered.
Source: Figures are taken from Ref. [59].

hypothesis of a Hs scalar in the GM model. The transverse mass in the VBF category with two jets and the limits on VBF
production are presented in Fig. 19. For the GM model, cross-section times branching fraction values above 0.35 pb at
my = 250 GeV and above 0.024 pb at 1 TeV are excluded at 95% CL.

The search for H — ZZ [78] was conducted in the 4¢ and 2¢2v final states from ggF and VBF production. For ggF, the
maximum deviation from the background is observed around 240 GeV with a local (global) significance of 2.00 (0.50),
contributed by all four of the ggF-enriched categories in the 4¢ channel. For VBF, a slight excess at 620 GeV is seen in the
4¢ channel with a local (global) significance of 2.40 (0.90). Narrow and wider signals were probed; the excesses become
smaller when the fit is performed assuming a wider signal. The reconstructed 4¢ mass in the VBF-enriched category is
displayed in Fig. 20(a); the 2u2v mass in the ggF-category is presented in Fig. 20(b). The 2¢2v channel is more sensitive
than the 4¢ channel at high values of my. The exclusions obtained in a type-I 2HDM are shown in Fig. 20(c), to which
both ggF and VBF contribute according to the model predictions. This search is also able to constrain type-II models. For
cos(B — «) = 0, the heavy Higgs boson has couplings like those in the SM (the alignment limit), which is the thin area
that is not excluded. Results in the hMSSM are displayed in Fig. 46.
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Fig. 19. H — W*W~: (a) The transverse mass in the VBF category with two jets, comparing data and background after the fit to all categories
was performed assuming a signal mass of 1 TeV. Very good agreement between data and SM backgrounds is observed. (b) The 95% CL limits on the
cross-section times branching fraction for VBF production of a scalar in the narrow-width approximation (NWA).

Source: Figures are taken from Ref. [77].
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Fig. 20. H — ZZ: (a) The mass reconstructed from the four leptons in the VBF-enriched category. (b) The transverse mass in the 2u2v channel in
the ggF category. In both mass plots, various signal hypotheses are overlaid for illustration. (c) The 95% CL exclusions in a type-I 2HDM for a heavy
scalar mass of 220 GeV.

Source: Figures are taken from Ref. [78].

The high mass search for H — yy [79] yielded a moderate narrow excess at a mass of 684 GeV with a local significance
of 3.30 that becomes 1.30 globally. The diphoton mass resolution is better than the width predicted by many models, so
the fit not only tests a huge number of mass values, but also different widths. The significance of the excess decreases when
the fit is performed assuming a model with a wider signal. Similarly, the limits on the production cross-section decrease for
wider signal hypotheses. The intermediate mass search [80] was performed for generic scalars with either narrow or larger
width hypotheses (model-independent analysis), or assuming the width of a light SM-like Higgs boson (model-dependent
analysis). The model-dependent analysis is more sensitive to a light Higgs boson because it has additional BDT-based
categories: it has a total of nine categories, instead of only three in the model-independent case. The largest excess for
the model-independent narrow-width analysis is at 71.8 GeV with a local significance of 2.20, whereas the largest excess
for the model-dependent analysis is at 95.4 GeV with a local significance of 1.7¢. Fig. 21 presents the diphoton masses
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Source: Figures are taken from Ref. [79] or [80] for the high mass or intermediate mass search, respectively.
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Fig. 22. X — Zy: The 95% CL limit on the cross-section times branching fraction as a function of the mass of the narrow-width scalar X in the
case where the Z boson decays (a) into either electrons or muons, or (b) via the hadronic decay mode. The limits in (b) have a small discontinuity
at 3 TeV because the category exploiting b-tagging is dropped for higher masses.

Source: Figures are taken from Refs. [82,83].

for the high mass search, the yy masses for the category with two unconverted photons in the intermediate mass search,
and the p-value for the model-dependent intermediate mass search.

The search for a generic scalar X with X — Zy in the leptonic Z decay mode [82] significantly improves on previous
results in the same channel and extends the mass range to 3400 GeV. The largest excess is observed at 420 GeV with a
local significance of 2.30, where the e*e~y and u*™ ™y channels contribute with 2.10 and 1.10, respectively. For the
hadronic Z decay mode [83], a local 2.50 excess is found at 3640 GeV. The limits on the production cross-section for Zy
are shown in Fig. 22 for both decays. The hadronic channel is more sensitive for mass hypotheses above 2.1 TeV. In both
analyses, only narrow signals are investigated.

4.1.3. Higgs-to-Higgs decays _

The search for A — Zhqy5 with hi;5 — bb [87] was performed for ggF and b-associated production and spans a large
mass range involving resolved or boosted final states. The largest deviation from the SM expectations is found at an
A-boson mass of 500 GeV, originating mostly from the resolved 2-b-tag category of the 2-lepton channel. Assuming ggF
production, this excess corresponds to a local (global) significance of 2.1o (1.10). For the signal hypothesis of b-associated
production the local significance is 1.60 at the same resonance mass value. In Fig. 23(a) the reconstructed A mass is
displayed for one of the boosted categories with two leptons. Fig. 23(b) shows the 95% CL limit on the production cross-
section for ggF, and Fig. 23(c) shows the exclusions in a type-Il 2HDM for m, = 700 GeV. Results in the hMSSM are
displayed in Fig. 46.

The search for A — ZH [88] was performed in the 2¢2b and 2¢W*TW~ — 2{4q final states. The channels explore
different aspects of the 2HDM. The 2¢2b channel is strong at the weak decoupling limit [156], where the H decay into
vector bosons is suppressed and the decay into fermions favoured. In contrast, the 2¢W W ™ channel is interesting in the
region close to, but not exactly at, the weak decoupling limit. In the 2¢2b channel, the largest excess for ggF production
is at (my, my) = (610, 290) GeV with a local (global) significance of 3.10 (1.30). For b-associated production, the most
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Fig. 23. A — Zhyys: (a) The reconstructed A mass in the category with two leptons and at least three b-tags. A signal model at my = 700 GeV
is overlaid as a dashed line. (b) The 95% CL limits on the cross-section times branching fraction for ggF production; the expected limits from
the categories with no or two leptons is also shown. (c) The exclusions in the type-Il 2HDM for my = 700 GeV, combining ggF and b-associated
production according to the model predictions.

Source: Figures are taken from Ref. [87].
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Fig. 24. A — ZH: The reconstructed A mass in (a) the 2¢2b channel for the category with at least three b-jets and b-associated production, and (b)
the 2¢W*W~ channel. (c) An overlay of the 95% CL exclusions in the type-l 2HDM for both channels, assuming my = 200 GeV and tan 8 = 1.
Source: Figures are taken from Ref. [88].

significant excess is at (my, my) = (440, 220) GeV with a local (global) significance of 3.10 (1.30). In the case of the
2(W+W~ channel (which only considers ggF), the largest excess is at (my4, my) = (440, 310) GeV with a local (global)
significance of 2.90 (0.80). Both channels are able to constrain the 2HDM. The final discriminant for each channel as well
as the exclusions in the type-1 2HDM are displayed in Fig. 24.

Other channels that were investigated in the context of an A — ZH signature are £7£~tt and vvbb [89]. Also, these
channels are complementary: the Higgs boson decay to tt is strong at low tan 8 and favoured in type-I models, while the
vibb channel is strong at high tan B in type-II or flipped models. This complementarity is visible in the 2HDM exclusions
displayed in Fig. 25, where cos(a — 8) = 0 is assumed. The largest excess, with a local (global) significance of 2.90 (2.40),
was observed for £1¢7tt at (my, my) = (650, 450) GeV.

Some results of the search for VH with H — hh — bbbb [90] are displayed in Fig. 26. In this search the h is identified
with the 125 GeV Higgs boson. The heavy Higgs boson H — hh is either produced in association with a V boson or comes
from the decay of heavier pseudoscalar A boson. The data are in good agreement with the estimated SM background
contributions, except for a few notable excesses. The most significant deviation is observed in the A — ZH — Zhh
channel for a large-width A boson at (im4, my) = (420, 320) GeV, where the local (global) significance is 3.80 (2.80). Here,
‘large-width’ means that the width of the A is 20% of its mass value. Upper limits on the Vhh production cross-sections
are obtained as a function of my in the range 260-1000 GeV for WH and ZH separately, and in the (m,4, my) plane for
A — ZH, covering the m, range 360-800 GeV and my range 260-400 GeV as shown in Fig. 26. The constraints on A — ZH
production are also interpreted in the (cos(8 — «), m,) parameter space of type-I and lepton-specific 2HDMs.
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Source: Figures are taken from Ref. [89].
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Source: Figures are taken from Ref. [90].
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4.2. Charged Higgs bosons

4.2.1. Charged Higgs bosons decaying into fermions

The search for HY — 7+ v [94] was carried out over a large mass range of 90-2000 GeV, seamlessly covering light and
heavy H™, including the intermediate mass range where my+ ~ m,, which had not been explored previously by ATLAS. Its
sensitivity and ability to consistently constrain H* production over this large mass range make this channel very powerful.
Some MSSM scenarios that predict a light HT with 90 < my+ < 160 GeV are excluded by this search. Fig. 27(a) displays
the output score of a BDT trained to discriminate between SM backgrounds and H™ signals in the intermediate mass range.
Fig. 27(b) shows the limits on the cross-section times branching fraction of the H* as a function of its hypothesized mass.
Constraints on the hMSSM are presented in Fig. 46.
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Fig. 27. H" — tTv: (a) BDT output score in the t+jets category for the intermediate mass range. The BDT discriminates between background
(peaking at lower values) and signal (peaking at higher values). (b) The 95% CL limits on the production cross-section times branching fraction as a
function of my+. These limits are a substantial improvement on the previous ones from data collected in 2015. For masses below 160 GeV, the H*
are produced in top-quark decay, and the HT cross-section is expressed as the tf cross-section times the branching fraction of t — H*h.

Source: Figures are taken from Ref. [94].

In type-Il models like the MSSM, the heavy charged Higgs boson decays mostly as HY — th, and search results were
published by ATLAS in Ref. [95]. Fig. 28(a) shows the output score of the neural network in the category with at least six
jets, of which at least four are b-tagged, after the fit to the data in all categories. Good agreement between the background
predictions and the data is observed after the fit. The exclusions in the M,}ZS( X ) scenario are shown in Fig. 28(b), and results
in the hMSSM are displayed in Fig. 46. The H™ — tb channel involves couplings to up- and down-type fermions and thus
has sensitivity to both low and high tan g values.

The light H* search, using H* — cb [96], where the H™ is produced via top-quark decays, also leads to a final state
with many jets and b-jets. A NN discriminates between signal and background, which are displayed for the 4j3b category
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Fig. 28. H* — tb: (a) NN output score in the > 6j > 4b category after the fit to the data, for a H* mass hypothesis of 800 GeV. A signal would
accumulate at high values of the NN score. (b) 95% CL exclusions in the M,}zs(f() scenario of the MSSM. Regions at both low and high tan 8 values
are excluded.
Source: Figures are taken from Ref. [95].
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Fig. 29. H™ — cb: (a) The output score of the NN in the 4j3b category after the fit to the data. The background is dominated by tt + b-jets, and a
slight excess of signal events (in red) is visible. (b) 95% CL limits on the branching fraction of t — H*b as a function of my+, assuming the branching
fraction of HT — cb is 100%. Theory predictions for the 3HDM are overlaid, showing that some of this model’s phase space can be excluded.
Source: Figures are taken from Ref. [96].

in Fig. 29(a) after the fit to data. A moderate excess of signal events is observed in the vicinity of 130 GeV, with a largest
local significance of 3o. This corresponds to a t — H1b branching fraction of (0.1640.06)%, which assumes the branching
fraction of HY — cb is 100%. The global significance was computed to be 2.5¢. The excess is consistent with the mass
resolution of the hypothesized signal. The limits on the top-quark branching fraction are displayed in Fig. 29(b). The
branching fractions predicted in the 3HDM for various parameter values are overlaid, showing that the search is able to
constrain this model.

4.2.2. Charged Higgs bosons decaying to bosons

The search for HY — Wa, with a — u* ™, was explored for light H* hypotheses [98]. This search is more focused
on a than it is on H™, although the decay of H* into a W boson and a scalar is relevant in many models and deserves
mentioning. The largest excess is found at m; = 27 GeV, with a local significance of 2.40, and both the euu and pup
categories contribute. This excess is independent of the H™ mass hypothesis in the range that was investigated (120-
160 GeV). The dimuon mass in the euu category and the limits on the production cross-section times branching fraction
are presented in Fig. 30.
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Fig. 30. H* — Wa: (a) The dimuon mass, which reconstructs the a-boson in the exu channel, with a signal hypothesis overlaid for illustration. (b)
95% CL limits on the production cross-section times branching fraction as a function of the a mass, displayed here for a fixed value of my+ = 140 GeV.
Source: Figures are taken from Ref. [98].

The search for HY — W*Z from VBF production was carried out for leptonic decays of the vector bosons [99]. The
analysis found an excess at 375 GeV with a local (global) significance of 2.80 (1.60'). The reconstructed H* mass in the
signal region is shown in Fig. 31(a). The signal yield depends upon the sin 6y parameter of the GM model, and the analysis
is able to constrain its value, as shown in Fig. 31(b).
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Fig. 31. HtY — W*Z: (a) The reconstructed H* mass in the VBF-enriched signal region after the fit to data. An excess of data over background
is visible, and a signal hypothesis assuming sinfy = 0.5 is overlaid. (b) 95% CL limits on the sinfy parameter of the GM model as a function of
the H™ mass. The region above the line is excluded. In the blue-shaded area the width of the H* predicted by the model becomes large and the
exclusion is not valid there.

Source: Figures are taken from Ref. [99].
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Fig. 32. H™* — W*WT: (a) The event yields in the signal regions for H™*-mass-dependent selections for the analysis of pair production or
associated production. (b) 95% CL limits on the pair production of H** times branching fraction as a function of the hypothesized H** mass.
The theory curve represents the predicted cross-section in the type-II seesaw model. (c) The 95% CL exclusion limits on sinfy in the analysis of
VBF-produced H** — W*W™ in the GM model. The region where the predicted width becomes too large for the limits to be valid is indicated by
the hatched area. Figures (a) and (b) are taken from Ref. [100], and (c) is from Ref. [101].

4.2.3. Doubly charged Higgs bosons
The search for Ht* — W*W was conducted in multi-lepton final states [100]. The yields in all categories, after a
selection optimized for various H* mass hypotheses, are displayed in Fig. 32(a) and show good agreement between data
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Fig. 33. H™* — ¢¢: (a) The invariant mass of the two same-sign leptons in the electron channel after a fit to the data under the background-only
hypothesis. Two signal expectations are overlaid for illustration. (b) 95% CL limits on the H**+ pair-production cross-section. The theory lines show
the prediction for the left-handed H;"" (blue), the right-handed H{ " (orange), which is the same as predicted in the Zee-Babu model, and the sum
of the two LRSM chiralities (red).

Source: Figures are taken from Ref. [102].

and SM expectations. The limits on the cross-section for HtH~~ pair production are presented in Fig. 32(b). At 95% CL,
H™ bosons in the type-II seesaw model are excluded up to 350 GeV and 230 GeV for the pair- and associated-production
modes, respectively. The analysis of VBF-produced H** — WTW events [101] yielded limits on their production and
can constrain the value of sin6y in the GM model (displayed in Fig. 32(c)). An excess was found at 450 GeV with a local
(global) significance of 3.20 (2.50).

The search for Ht* — £% £* [102] considered only the pair-production mode. The mass of the same-sign lepton pair
in the electron channel and the limits on the cross-section are displayed in Fig. 33. No data event is observed in the 4¢
category, which is consistent with the expectation. The observed lower limit on the mass of a H*" is 1080 GeV within the
left-right symmetric type-II seesaw model. The Zee-Babu neutrino mass model is also constrained, the observed lower
limit on the mass of the H*" being 900 GeV.

4.3. Additional scalars decaying into Higgs boson pairs

4.3.1. Resonant HH o

The search ggF X — HH — bbbb for a new boson revealed by resonant pair production of Higgs bosons via ggF and
with bbbb in the final state had results consistent with the SM predictions [114]. Upper limits are set on the cross-section
for resonant Higgs boson pair production in a benchmark model with a generic narrow spin-0 resonance, as shown
in Fig. 34. The most significant excess is found for a signal mass of 1100 GeV, where the local (global) significance is
2.30 (0.40). The results are therefore statistically consistent with the SM. The expected upper limits on the cross-section

£ 10°¢ 5_TLAS _, — Observed limit (95% CL) 1

I §=13TeV, 126-139 7" ___ ¢, 0 ied limit (95% CL)
Spin-0 .

>T< 10k Expected limit + 10

g_ Expected limit +20

e —==- Resolved expected limit

S 1031 —=- Boosted expected limit

102}

101,

100}

250 500 1000 2000 3000 5000
m(X) [GeV]

Fig. 34. ggF X — HH — bbbb: Expected (dashed black lines) and observed (solid black lines) 95% CL upper limits on the cross-section for resonant
HH — 4b production in the spin-0 signal model. The +10 and +20 uncertainty ranges for the expected limits (coloured bands) are shown. Expected
limits obtained by using the resolved and boosted channels separately (dashed coloured lines) are shown.

Source: Figures are taken from Ref. [114].
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Source: Figures are taken from Ref. [116].

improve on those in the previous ATLAS search in this final state [157] by approximately 20% at low resonance masses
and more than 80% at high masses. This search also covers resonance masses in the range from 3 to 5 TeV for the first
time.

The pair production of Higgs bosons via vector-boson fusion and with bbbb in the final state (VBF X — HH — bbbb)
was used to search for a new boson in the mass range of 260-1000 GeV and revealed no significant excess relative to
the SM expectation [115]. The largest deviation from the background-only hypothesis is observed at 550 GeV with a local
significance of 1.5¢. Upper limits on the production cross-section are set for narrow and broad scalar resonances at 95%
CL as shown in Fig. 35.

The search targeting the decay of a narrow resonance X — HH — bbtr* 7~ in the range 251-1600 GeV found the data
to be compatible with the background-only hypothesis [116]. The largest deviation is at my = 1 TeV, corresponding to a
local (global) significance of 3.1¢0 (2.00). Observed (expected) upper limits are placed at 95% CL on resonant Higgs boson
production and exclude cross-sections above 21-900 fb (12-840 fb), depending on the mass of the resonance, as shown
in Fig. 36.

The di-t search boosted X — HH — bbz*+ 7~ for a heavy, narrow, scalar resonance X decaying into two boosted Higgs
bosons in the high mass range 1 < my < 3 TeV did not find any deviation from the SM predictions [117]. Accordingly,
95% CL upper limits are set. Assuming SM branching fractions for the Higgs boson, the observed (expected) upper limits
on the production cross-section (X — HH) are 94-28 fb (74-32 fb) depending on the resonance mass hypotheses, as
shown in Fig. 37. This represents a first attempt with a novel di-t tagger.
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Source: Figures are taken from Ref. [117].

= 1000 gy
= 900 ATLAS =
T goob Vs =13 TeV, 139 fb” =
T E HH—bbyy B
>% 700 Expected limit (95% CL) =
S 600 —— Observed limit (95% CL) 3
3 500k [ Expected limit £ 16 3
= [ Expected Imit +2 & 3

400F =
300F =
200F =
100F- E

N I AN IR U U (A B i S

O200 300 400 500 600 700 800 900 1000

my [GeV]

Fig. 38. X - HH — bEyy: Observed and expected limits at 95% CL on the production cross-section of a narrow scalar resonance X as a function
of its mass my. The black solid line represents the observed upper limits. The dashed line represents the expected upper limits.
Source: Figures are taken from Ref. [118].

The search for X - HH — bl_)yy Higgs boson pair production (in both the ggF and VBF modes) by using the bEyy
final state did not observe any excess above the expected background [118]. A 95% CL upper limit on the cross-section
for resonant production of a scalar particle X — HH — bbyy is obtained for the narrow-width hypothesis as a
function of my as shown in Fig. 38. The observed (expected) upper limits are in the range 640-44 fb (391-46 fb) for
251 < my < 1000 GeV. The expected limit on the resonant cross-section improves on the previous ATLAS search [158] by
a factor of two to three depending on the my value. Improvement by a factor of two arises from the increase in integrated
luminosity, while the additional improvement can be attributed to the use of multivariate techniques and the more precise
object reconstruction and calibration.

The recent Combination for HH using three analyses with the final states bbbb, bbt* ¢~ and bbyy with the full Run 2
dataset did not find any statistically significant excess beyond the SM predictions [119]. The largest deviation is observed
at 1.1 TeV, corresponding to a local (global) significance of 3.30 (2.10). A 95% CL upper limit is set on the resonant X — hh
cross-section for 251 < my < 5 TeV. The observed (expected) upper limits are in the range 0.96-600 fb (1.2-390 fb). This
is an improvement by a factor of 2-5, depending on my, relative to the previous ATLAS combined result [ 120]. Some of the
results are presented in Fig. 39. The results are also interpreted in the context of the type-I 2HDM and MSSM, excluding
parameter space that was hitherto allowed by the most sensitive search results for these models.
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production as a function of my. Limits are shown for each channel individually as well as for the combination of the channels.
Source: Figures are taken from Ref. [121].

4.3.2. Resonant HH/SH /SS decaying to W bosons

The search X — HH/SS — WW*WW"* for a pair of neutral, scalar bosons each decaying into two W bosons did
not observe any significant excess over the expected SM backgrounds [121]. Upper limits are set on the production
cross-section times branching fraction of a heavy scalar X that decays into two Higgs bosons for a mass range of
260 < my < 500 GeV and the observed (expected) limits range from 9.3 (10) pb to 2.8 (2.6) pb as shown in Fig. 40.
Upper limits are also set on the production cross-section times branching fraction of a heavy scalar X that decays into
two heavy scalars S for mass ranges of 280 < my < 340 GeV and 135 < ms < 165 GeV and the observed (expected)
limits range from 2.5 (2.5) pb to 0.16 (0.17) pb as shown in Fig. 41.

The search for S - HH — bbWW?* with the bblvqq final state did not observe any excess above the expected
background [122]. Limits at 95% CL are set on the resonant production cross-section o(pp — S — HH) as a function
of the mass of a scalar resonance in the mass range 500 to 3000 GeV, as shown in Fig. 42. The spin-0 scalar states were
treated as narrow heavy neutral Higgs bosons. The observed upper limits on the production cross-sections range from
5.6 pb for ms = 500 GeV to 0.51 pb for ms = 3000 GeV in the case of a scalar hypothesis.

The search for X — HH — yyWW?® with the yy£vjj final state did not find any significant deviation from the SM
prediction [ 103]. The observed (expected) 95% CL upper limit on the resonant production cross-section times the branching
fraction of X — HH ranges between 40 pb and 6.1 pb (17.6 pb and 4.4 pb) for a hypothetical resonance with a mass in
the range of 260-500 GeV, assuming SM branching fractions for H — yy and H — WW?*, as shown in Fig. 43.

The search X — SH — VVzt7~ (V = W, Z) did not observe any excess beyond the expected SM background [123].
The 95% CL upper limits on the cross-section for o(pp — X — SH), assuming the branching fractions for S — VWV
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Fig. 41. X — SS — WW*WW*: Expected and observed 95% CL exclusion limits set on the cross-section times branching fraction of resonant X — SS
production as a function of (a) ms and (b) my. Limits are shown for each channel individually as well as for the combination of the channels.
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g { T T T T ‘ T T T T T T ‘ T T T T ‘ T T T T {
% 4| —Observed ATLAS 7
T 10°F  Expected (s=13TeV, 36.1fb'3
J; E [ Expected +16 f
T 402 Expected +2¢ B
g 10%
S 3
2 L Resolved Boosted ]
.g 10 =
E F ]
I L 4
Cl) = 4
2 1E E
Yo} C ]
o r ]
107 , E
£ l Il Il Il Il ‘ Il Il ; Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il l 3
500 1000 1500 2000 2500 3000

mg [GeV]

Fig. 42. S - HH — bl__JWW*: 95% CL cross-section limits for resonant scalar production, o(pp — S — HH). The boosted case has a single large-radius

jet representing the bb pair.
Source: The figure is taken from Ref. [122].

= R T B o A 3 T T Ty
= [ ATLAS — Observed ] § [ ATLAS i — Observed ]
I .
I i 5 . ----- Expected ] = i 5 y i ---- Expected ]
>’<F , s=13TeV, 36.1 fb I 1o expected % } s=13TeV, 36.1 fb I : 1o expected
2 10 E +20 expected J % 10 E +2c expected J
< r ] x r ]
I 1Y (—_—_ i
o i < b
£ 10F E g 10%F E
%) E ] ® C |
E r ] § r ]
3 | 1 B 0 ]
2 [ B R RN B B 5} [ R R RN B B
8 250 300 350 400 450 500 2 250 300 350 400 450 500
o
m, [GeV] m, [GeV]
(a) (b)
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Source: Figures are taken from Ref. [103].

219



ATLAS Collaboration

—_
o
i)

Physics Reports 1116 (2025) 184-260

a1 0 T T T

=, ATLAS s=13 TeV, 140 fo’

T Exp. limits (95% CL) Obs. limits (95% CL)
wn my/25 = [20,30,40,50,60] - WW1£2T,y = WW1£2Thag

T 10% mg=[200,300400,500] " WW2£2Theg  —— WW202Thag
> - 222620 — 222627

T ==2: Comb. + 16 = Combined

% Comb. + 26

© 107

| | | | | | |
220 240 260 320 340 360 430 460 530 550
mg+m, /25 [GeV]

(a)

3‘105 —_— —— 3‘105 —_— ——

£ | ATas V5=13 TeV, 140 fb" £ | Aras \5=13 TeV, 140 fb"

E1 0 m,/25 = [20, 30, 40, 50, 60] —— Obs. limits (95% CL) E1 0 m,/25 = [20, 30, 40, 50, 60] —— Obs. limits (95% CL)

= 408 me=[200,300,400,500] T Expected + o N 107 ms = (200,300, 400,500 " Expected  fo

; Expected + 26 T Expected + 26
NMSSM Scan NMSSM Scan

3 I T R
220 240 260 320 340 360 430 450 530 550
Mg +m, /25 [GeV]

—3| | | | | | | |
220 240 260 320 340 360 430 450 530 550
Mg +m, /25 [GeV]

(b) (©)
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o(pp - X — SH — ZZt*1~) obtained from the ZZ2¢2t,,q channel, as a function of combined ms and my masses (ms +my/25) in GeV. The NMSSM
scans of the allowed cross-sections for o(pp — X — SH — W*W~t*t~) and o(pp — X — SH — ZZt"t~) are also shown.

Source: Figures are taken from Ref. [123].

decay are the same as for SM Higgs boson decay, are between 72 fb and 542 fb. Upper limits on the visible cross-sections
o(pp > X - SH - WW-ttr")and o(pp — X — SH — ZZt't7) are set in the ranges 3-26 fb and 5-33 fb,
respectively, as shown in Fig. 44. The visible cross-section refers to events with 7,4 candidate jets that an identification
algorithm distinguishes from jets initiated by quarks or gluons.

The search X — SH — bbyy did not observe any excess beyond the expected SM background [124]. Accordingly, 95%
CL upper limits are set on o(X — SH — bbyy). However, some deviation is observed for a few points in the (my, ms)
plane. The largest of these is at (my, ms) = (575, 200) GeV with a local (global) significance of 3.5¢ (2.00). A point
of particular interest is (my, ms) = (650, 90) GeV where the CMS Collaboration reports an excess with a local (global)
significance of 3.80 (2.80) [159]. A test signal injected at this point with the 0.35 fb cross-section reported by the CMS
experiment produced a local excess of 2.70. This demonstrates consistency between the two analyses. The observed and
expected upper limits for ¢(X — SH — bbyy) are presented in Fig. 45. The observed (expected) limits range from 39
(25) fb at my = 170 GeV and ms = 30 GeV to 0.09 (0.14) fb at mx = 1000 GeV and 250 < mgs < 300 GeV. The observed
upper limit on (X — SH — bbyy) for the point described above for the CMS result is 0.2 fb.
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Source: The figures are taken from Ref. [124].

4.4. Summary of heavy Higgs boson searches

The excluded regions in the ms-tan 8 plane for the hMSSM are displayed in Fig. 46 [160]. The results for various
channels from searches for neutral or charged Higgs bosons and resonant Higgs boson pair production are overlaid, but
they are not statistically combined. This is a useful form of presentation for understanding the regions in which the various
channels are sensitive in the same model.

The A/H — tt channel dominates the sensitivity over a large mass range. It is the strongest channel at high tan 8
values for my above 400 GeV. The low tan 8 region is constrained by decays to top-quark pairs as well as decays to vector
bosons or Higgs boson pairs. The search for H" — tb has a unique sensitivity to both low and high values of tan j.
The region around tan 8 ~ 6 is difficult to constrain since the coupling of the heavy Higgs bosons to SM particles has a
minimum there, impacting both the production and decay rates. This region could be accessible via searches involving
supersymmetric decay chains if the particle mass spectra are favourable [161].
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The coupling analysis from the SM Higgs boson measurements also leads to constraints on BSM parameters. The almost
vertical lines in pink in Fig. 46 are the limits on m, (with only a slight dependence on tan 8) after reparameterizing the
coupling modifiers corresponding to the measured production and decay rates. The coupling modifiers are expressed as
model-dependent cross-section scale factors and ratio scale factors that are calculated for discrete points in the my vs
tan 8 plane. A more complete set of plots obtained from the SM Higgs boson coupling analysis with the full Run 2 dataset
can be found in Ref. [162].

The hMSSM summary plot displayed here is a specific benchmark; the sensitivities of the performed analyses and
patterns of excluded areas will be different in other benchmarks.

4.5. Additional scalars and exotic decays of the Higgs boson

The Higgs BSM searches which involve exotic decays of the Higgs boson, and possibly also additional scalars, are
collected here.

4.5.1. Exotic decays of the Higgs boson to invisible final states

The search for ZH, H — invisible [130] sets an upper limit of 19% on the branching fraction of the Higgs boson to
invisible particles at the 95% CL (assuming SM cross-sections for ZH production). The corresponding expected limit of 19%
represents an improvement of about 45% in comparison with a projection of the previous analysis scaled to the present
integrated luminosity. Exclusion limits were also set for simplified dark-matter models and 2HDM+a models for a number
of benchmark parameters, one of which is shown in Fig. 47.
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Fig. 47. ZH, H — invisible: Exclusion limits for simplified DM models with g, = 1.0, g = 0.25, and g, = 0 [163,164], when assuming (a) an
axial-vector mediator or (b) a vector mediator. The region below the solid black line is excluded at the 95% CL. The dashed black line indicates the
expected limit in the absence of signal, and the yellow band the corresponding +10 uncertainty band. The dashed red line labelled ‘Relic density’
corresponds to combinations of DM and mediator mass values that are consistent with a DM density of £2h? = 0.118 and a standard thermal history,
as computed in Ref. [164]. Below the line, annihilation processes described by the simplified model mostly predict too high a relic density while
regions with too low a relic density are mostly found for mpeq closer to the DM mass. The dashed magenta line indicates the previous ATLAS result
from a 36.1 fb~' dataset [165].

Source: Figures are taken from Ref. [130].

The search for VBF H — invisible determined an observed (expected) 95% CL upper limit of By_, invisible < 0.145(0.103)
[131], which is an improvement on the previous analysis [132]. The result is interpreted using Higgs portal models to
exclude regions in the parameter space of (owimp-nucleon, Mwivp) for various WIMP models [131]. The obtained results are
also interpreted as a search for invisible decays of new scalar particles with masses of up to 2 TeV, resulting in an upper
limit of 1 pb on ovpr X Binvisible for a mediator mass of 50 GeV, decreasing to 0.1 pb for a mass of 2 TeV, as shown in
Fig. 48.

Results of the H — invisible combination [133] are shown in Fig. 49. Fig. 49(a) shows the observed and expected
upper limits on By _ invisible for the individual and combined searches. The full combination, including the Run 1 result, gives
the current most sensitive observed (expected) ATLAS result: By _ invisible < 0.107 (0.077) at the 95% CL. The most sensitive
channels included in this combination are the ones where the Higgs boson is produced via VBF or ZH, and are described in
more detail above. Fig. 49(b) shows the model-dependent Higgs portal interpretation where limits are set on the WIMP-
nucleon scattering cross-section, shown in a context of other related searches, highlighting the complementarity of DM
searches at the LHC and direct-detection experiments.

The search for H — yy, in associated production with a Z boson did not reveal an excess [134]. Exclusion limits are
set on the branching fraction of SM Higgs boson decay into a photon and a dark photon. For a massless y4, an observed
(expected) 95% CL upper limit of 2.28% was placed on B(H — yy4). For a massive y,, observed (expected) upper limits
are found to be within the range 2.19%-2.52% (2.71%-3.11%) for masses from 1 GeV to 40 GeV. This result is shown in
Fig. 50.

222



ATLAS Collaboration Physics Reports 1116 (2025) 184-260

—— -
i ATLAS ]
s =13 TeV, 139 fo”!

Limits at 95% CL _
VBF with SM Higgs couplings |

—— Observed
Expected
I Expected =10 -
Expected +2 o —
ogeF with B, = 0.15 4

ok M|
2 3
10 10 m,, [GeV]

Fig. 48. VBF H — invisible: Upper limit on the cross-section times branching fraction to invisible particles for a scalar mediator as a function of its
mass. For comparison, the VBF cross-section at NLO in QCD, i.e. without the electroweak corrections, for a particle with SM Higgs boson couplings,
multiplied by a Binisible Value of 15%, is overlaid.

Source: The figure is taken from Ref. [131].

& T 3
1 s 0.093
Z T T T T T T E. E ATLAS 5 e )
£ = - = 4 Alllimits at 90% CL
1 ATLAS — Observed 8 = 7TeV, 471" 4
@ Vs=7Tev, 471" ... Expected 3 Vs= 8TeV, 2031" ] Higgs Portal WIMP:
- g
S Vs=8TeV, 203" Mt ; Vs=13TeV, 139fb' o --- Scalar
€ Vs =13 TeV, 139 fo' [tes B 3 Majorana
5 © Vect
@ ectorgpr
Q
3 =7 Veelonyy mode, a 02
-
o Other experiments:
3\: ——  Xenon1T-Mig
o - DS50-MigNQ
— ~ DS50-MigQF
-- - - - PandaX-4T
\ | | h | —— LUX-ZEPLIN
- ry
A O O o = 3
B N A 10" 1 10 100 10
w N ¥ R ?‘\,v\x Mye [GEV]
(@) (®)

Fig. 49. H — invisible combination: (a) The observed and expected upper limits on By_invisible at 95% CL from the Run 2 analyses targeting the
production modes indicated on the x-axis and their combination, the Run 1 combination and the combined Run 1 and Run 2 result; the 1o and
20 contours of the expected limit distribution are also shown. (b) Upper limit at the 90% CL on the spin-independent WIMP-nucleon scattering
cross-section as a function of the WIMP mass for direct-detection experiments and the interpretation of the H — invisible combination result in the
context of Higgs portal models considering scalar, Majorana and vector (WIMP) hypotheses. For the vector case, results from UV-complete models
are shown (pink curves) for two representative values of the mass of the predicted dark Higgs particle (m,) and a mixing angle « = 0.2. The
uncertainties from the nuclear form factor are smaller than the line thickness. Direct-detection results are taken from Refs. [166-169]. The neutrino
floor for coherent elastic neutrino-nucleus scattering (solid grey line) is taken from Refs. [170,171], which assume that germanium is the target over
the whole WIMP mass range. The regions above the limit contours are excluded in the range shown in the plot.
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Source: Figures are taken from Ref. [135].

4.5.2. Exotic decays of the Higgs boson or a heavy scalar to (pseudo)scalars or vector bosons

The H — XX /ZX — 44 analysis [135] has three separate channels. Some results are shown in Fig. 51 for the H — aa/ss
and H — ZyZ; channels, where the target is the scalar/pseudoscalar of the 2HDM+S and the dark vector boson of the
HAHM, respectively. Fig. 51(a) displays the 95% CL upper limits on the fiducial cross-section in the full search range for
the four-muon final state. It is model-independent and would be applicable to any model where the SM Higgs boson
decays into four leptons via two intermediate bosons that are narrow and on-shell, and decay promptly. Fig. 51(b) uses
the HAHM for the model-dependent acceptances to display the 95% CL upper limit on the cross-section times branching
fraction of the H — Z;Z; — 4¢ process. A slight excess with a local significance of 2.5¢ is found for a Z; mass hypothesis
of 28 GeV. Some limits from the ZX process are shown in Fig. 52. Fig. 52(a) shows the 95% CL upper limit on the fiducial
region cross-section. Fig. 52(b) uses the HAHM for the model-dependent acceptances to display the 95% CL upper limit
on the cross-section times branching fraction of the H — ZZ; — 4¢ process. A slight excess with a local significance of
2.00 is found for a Z; mass hypothesis of 38 GeV. The same paper [135] also presents limits on total cross-sections and
on the dark Higgs boson mixing parameters.

The search H - aa — bbu*p~ for a light new pseudoscalar [137] displays results with and without the BDT
classifiers for background rejection. The purpose of the latter is to allow reinterpretation, and also to accommodate the
case where the a-boson might not be a pseudoscalar. The results are shown in Fig. 53. While remaining statistically
compatible with the SM, the largest excess of events above the SM background is observed at a dimuon invariant mass
of 52 GeV and corresponds to a local (global) significance of 3.30 (1.70). Otherwise, 95% CL upper limits are placed on
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Source: Figures are taken from Ref. [137].
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by using a machine-learning-based di-b-quark tagger designed for boosted topologies. The previous higher-mass-range ‘resolved’ search [141] is also
shown, along with the SM NNLO cross-section of 0.88 pb for pp — ZH.

Source: The figure is taken from Ref. [140].

the branching fraction of the Higgs boson to the bbu* ™ final state, BH — aa — bbutp~), and are in the range
(0.2—4.0) x 1074, depending on the signal mass hypothesis. Previous ATLAS results [172,173] are improved on by a
factor of 2—5, for m; > 20 GeV, while both results (with and without the BDT) extend the search down to m, values of
16 GeV.

The search H — aa — (bb)(bb) for a new scalar boson via Higgs boson decay [140] yielded exclusion limits as shown
in Fig. 54. No excess of data events consistent with H — aa — (bb)(bb) is observed, and 95% CL upper limits on the
production cross-section ozyB(H — aa — (bb)(bb)) are obtained as a function of the a-boson mass hypothesis. This
search explores a new extended low mass range of 15 < m, < 30 GeV by using the di-b-quark tagger that is used in
boosted topologies. It improves the expected limit on ozyB(H — aa — (bb)(bb)) for the mass hypothesis of m; = 20 GeV
by a factor of 2.5 relative to the previous search [141].

This search H — aa — 4y did not find any significant excess over SM backgrounds [142]. The largest deviation from
the expected limit is 1.5¢, which is observed in the range of 10 < m, < 25 GeV. Upper limits at 95% CL are set for
B(H — aa — 4y), and range from 2 x 107> to 3 x 1072, depending on my,, for the prompt axion-like particle search. For
the search for long-lived ALPs with significantly displaced decay vertices, the 95% CL upper limits range from 2 x 107>
to 6 x 10~ for 10 < m, < 62 GeV and from 10~ to 3 x 1072 for 0.1 < m, < 10 GeV. The limits are summarized in the
two-dimensional exclusion plot of Cy,, vs m, in Fig. 55. These are the most stringent limits to date.

The search H — aa — yyjj found the data to be in agreement with the SM predictions [143]. A 95% CL upper limit
is placed on the production cross-section for pp — H times the branching fraction for the decay H — aa — yvjj,
normalized to the SM prediction, as shown in Fig. 56. The upper limit ranges from 3.1 pb to 9.0 pb depending on m,.
These results complement the previous upper limit on H — aa — yyyy.
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Source: The figure is taken from Ref. [142].
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Fig. 56. H — aa — yyjj: The observed (solid line) and expected (dashed line) 95% CL exclusion upper limits on the pp - H — aa — yyjj
cross-section times branching fraction as a function of m,, normalized to the SM inclusive pp — H cross section [30]. The vertical lines indicate the
boundaries between the different m,, analysis regimes. At the boundaries, the m,, regime that yields the better expected limit is used to provide
the observed exclusion limit (filled circles); the observed limit provided by the regime that yields the poorer limit is also indicated (empty circles).
Source: The figure is taken from Ref. [143].

The search & — SS — LLP for pair-produced neutral long-lived scalar particles, S, did not find any significant excess
of events in the signal region relative to the data-driven background prediction [144]. Upper limits at 95% CL are set
on the normalized cross-section times branching fraction as a function of ¢ times the long-lived particle mean proper
lifetime ct. These improve on the previous limits for mediator masses above or below 200 GeV by a factor of around
1.5-2 or 3-5, respectively. An example where (my, ms) = (125, 55) is shown in Fig. 57. For models with a SM Higgs
boson mediator, branching fractions to neutral scalars above 10% are excluded for ct between approximately 20 mm and
10 m, depending on the model. This search for the LLP, S, where the decay occurs in the ATLAS hadronic calorimeter is
complemented by an additional search aimed at longer lifetimes where the decay occurs in the muon spectrometer [178].
Other LLP searches from Run 2 are reviewed in a companion report [139] in this journal. Overall, the lifetime range ct
has been covered from a scale of mm to km for the decay of the Higgs boson hiys into new scalars, with a sensitivity
comparable to H — invisible. The status of the Run 2 LLP searches is summarized in Fig. 58.
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The search H — Za — £7£~ + jet did not find an excess [145]. Therefore, 95% CL upper limits are set on o(pp —
H)B(H — Z(n. /]/¥ / a)), with observed values of 110 pb, 100 pb, and 17-340 pb for the H — Zn,, H — ZJ /¥, and
H — Za hypotheses, respectively. The three-body mass distribution for mygje is shown in Fig. 59 for data, the background
prediction, and three signal hypotheses. Assuming the SM prediction for inclusive Higgs boson production, the limits on
charmonium decay modes correspond to branching fraction limits in excess of 100%. This is the first direct limit on decays
of the Higgs boson into light scalars that decay into light quarks or gluons. Because of the large value of B(a — hadrons)
over the entire 2HDM(+S) parameter space, these limits represent tight, direct constraints for low (high) tan 8 in the
type-II and type-III (type-VI) 2HDM+S.

The H - Za — €4~ + yy analysis found no significant deviations from the SM predictions [146]. Upper limits are
therefore set on the branching fraction of the Higgs boson decay into Za times the branching fraction a — yy, ranging
from 0.08% to 2% depending on mg, as shown in Fig. 60. _

The H — xqx_ analysis searched for the exotic Higgs boson decay into neutralinos (with 5(5’ — af(? and a — bb)
after associated ZH production [147]. The signal is a bb resonance plus E{"i“. The search is novel in that it applied to the
Peccei-Quinn symmetry limit rather than the R-symmetry limit of the NMSSM. The observations were consistent with
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Source: Figures are taken from Ref. [145].
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displayed at 95% CL, while the remaining bounds (SN1987a, Cosmology and Beam Dump) are presented at 90% CL. The red band shows the preferred
parameter space where the (g — 2), anomaly can be explained at 95% CL. These contours are adapted from Refs. [177,182].

Source: Figures are taken from Ref. [146].

SM. Upper limits are therefore set on the product of cross-section times branching fraction, using a three-dimensional
scan of the masses of the xi, x> and a-boson, as shown in Fig. 61. These limits assume 100% branching fractions for the
decays 5(3 — af(? and a — bb. They represent the first x; x> direct limits on this exotic Higgs boson decay obtained at
the LHC.
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Fig. 61. H — x1x2: Upper limits at 95% CL on the cross-section for pp — ZH times the branching fractions for Z — £t¢~ (where € = e, u, 1)
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branching fractions in the Higgs boson decay chain after the decay H — V%2 are set to 100%. The different ranges in m, reflect differences in the
allowed event kinematics. The lines joining the m, points come from an assumed linear interpolation of the limits. The SM value for the cross-section
o(pp — ZH) x B(Z — €7¢~) is shown for reference.

Source: The figure is taken from Ref. [147].

4.5.3. Rare exclusive Higgs boson decays

The search for H — ee/eu, which may reveal BSM enhancement of the ee channel or LFV in the eu channel [148], set
exclusion limits on these processes. Observed (expected) 95% CL upper limits on the branching fractions, 3.6 x 1074 (3.5 x
10~4) for B(H — ee) and 6.2 x 107> (5.9 x 107>) for B(H — eu), are obtained for a Higgs boson with mass 125 GeV.
These are the first such searches made by the ATLAS Collaboration and are considerable improvements on previous
measurements.
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Fig. 62. H — et and H — put: Fit results of the independent searches, showing 95% CL upper limits on the LFV branching fractions of the Higgs
boson, (a) H — et and (b) H — ut, indicated by solid lines (observed results) or dashed lines (expected results). Best-fit values of the branching
fractions (B) are also provided, in %. The limits are computed while assuming that either (a) B(H — 1) = 0 or (b) B(H — et) = 0. The channels and
categories included in each likelihood fit are shown on the y-axis, and the signal and control regions from all other channels/categories are removed
from the fit. The results from stand-alone channel/category fits shown at the top are compared with the results of the combined fit displayed in
the last row.

Source: Figures are taken from Ref. [150].
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Fig. 63. H/Z — wy and H — K*y: Background-only fits performed in the signal region for (a) wy and (b) K*y final states. The branching fraction
for each of the signals is set to the observed 95% CL upper limit. The yellow band represents the uncertainty in the fit arising from the constrained
background shape’s systematic uncertainties.

Source: Figures are taken from Ref. [151].

The direct searches H — et and H — pt for LFV in Higgs boson decays produced the results detailed in Ref. [150].
In particular, a small excess was observed with respect to the SM background, but below the threshold for evidence of a
new signal, when the two processes were treated independently. When the two processes were treated simultaneously,
the excess was compatible with a branching fraction of zero within 2.1¢. Results of the fits are shown in Fig. 62.

The searches H/Z — wy and H — K™y for these rare exclusive decays study possible BSM Higgs boson couplings to
light quarks [151]. They did not find any significant excess above the SM background. Results for background-only fits
performed in the signal region are shown in Fig. 63. Exclusion limits were set on the branching fractions: B(H — wy) <

(D*/D%y Analysis ATLAS
Post-Fit {s=13 TeV, 136.3 fo™!
¢ Data
—— Background Fit +1c
[ Background
[ 1B(H-D*y)=1.0x10*
[ B(Z—D%)=4.0x10*

Events /5 GeV

Data / Fit

Fig. 64. H — D* + y: Comparison between data and the background prediction for the my,, distribution after the background-only fit (‘Post-Fit’)
in the signal region for the D* + y final state. The unbinned background pdf is shown with a yellow band that represents the uncertainty in the
fit arising from the constrained background shape’s systematic uncertainties. This uncertainty is largest in the region mg,, < 100 GeV, where the
gradient of the distribution varies most. The lower panel shows the ratio of the data to the background prediction. The expected signal distributions
are shown normalized to a branching fraction corresponding to the observed 95% CL upper limit. The results for the Z-boson decay are not discussed
here.

Source: The figure is taken from Ref. [153].
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1.5 x 107 (100xSM), B(Z — wy) < 3.8 x 1077 (17xSM), and B(H — K*y) < 8.9 x 107> at 95% CL. The result for
Z — wy is a three-orders-of-magnitude improvement over the limit previously set at DELPHI, while the H — w/K* + y
results are new.

The search H — (J/¥, ¥(2S), Y(nS)) + y is for a Higgs boson decaying exclusively into a vector quarkonium state
and a photon, in the u*u~y final state [152]. The data are compatible with the background expectations. The 95% CL
upper limits obtained for the J/W¥ y final state are BH — J/¥y) < 2.1 x 107% and B(Z — J/¥ y) < 2.1 x 1075,
The corresponding upper limits for the ¥(2S)y final state are B(H — ¥(2S)y) < 10.9 x 107 and B(Z — ¥(2S)y) <
2.3x 1075, The 95% CL upper limits B(H — Y (nS)y) < (2.6,4.4,3.5)x 107% and B(Z — T'(nS)y) < (1.0,1.2,2.3)x 1076
are set for the 7°(1S, 25, 3S) y final states.

The search H — D* + y probed flavour-violating Higgs boson couplings to light quarks [153]. The results of the
background-only fit are shown in Fig. 64, where the signal distributions correspond to the extracted 95% CL upper limit
on the branching fraction. The data are compatible with the expected background. The observed 95% CL upper limit is
B(H — D* +y) < 1.0 x 1073, These results set the first limit on the decay H — D* + y.

5. Discussion and outlook

To summarize this report, a list of the small excesses found in Run 2 data relative to the SM predictions is presented in
Table 2. The aim is to be comprehensive and reflect the findings of each paper. As yet, there is no statistically significant
excess. Despite the huge number of searches that ATLAS has conducted in Run 2 data, several signatures remain uncovered
and are topics for future investigations. Some of these signatures are listed and briefly discussed. Furthermore, limitations
of some of the Run 2 searches are discussed, and are often the sources of leading systematic uncertainties. Interesting
analysis techniques that were used in Run 2 are also reviewed, emphasizing which experimental challenges they are able
to overcome.

Table 2
This table summarizes the small excesses recorded per channel, the mass hypotheses for which they occur, and the local and global significances.
The integrated luminosity L and the reference to each analysis are also given. In some cases, the global significance was not computed (indicated
as n.a.).

Decay channel Production Mass [GeV] Significance Significance L [fb"] Ref.
mode local global
H— 1t b-associated 400 270 na. 139 [54]
H— 1t ggF 400 220 n.a. 139 [54]
H— up b-associated 480 230 0.60 36 [55]
H — tt ggF 800 2.30 na. 140 [57]
H — tt/tq qq and qg 900 2.80 na. 139 [59]
H — ZZ — 4£/242v ggF 240 2.00 0.50 139 [78]
H— ZZ — 4£/202v VBF 620 240 0.90 139 [78]
H—yy ggF 684 330 130 139 [79]
H— yy ggF 95.4 170 n.a. 140 [80]
H — Z(¢t)y ggF 420 230 n.a. 140 [82]
H — Z(qq)y ggF 3640 2.50 n.a. 139 [83]
A — Zhyys(bb) ggF 500 210 1.10 139 [87]
A — Zhyy5(bb) b-associated 500 1.60 n.a. 139 [87]
A — ZH — (¢bb ggF 610 (A), 290 (H) 3.10 130 139 [88]
A — ZH — (¢bb b-associated 440 (A), 220 (H) 3.10 130 139 [88]
A— ZH — LUWW ggF 440 (A), 310 (H) 290 0.80 139 [88]
A — ZH — eett ggF 650 (A), 450 (H) 290 240 140 [89]
A — ZH — Zhyps(bb)hyzs(bb) VH 420 (A), 320 (H) 3.80 2.80 139 [90]
HT —>¢cb tt decay 130 3.00 250 139 [96]
H™ — Wa(up) tt decay 120-160 (H), 27 (a) 240 na. 139 [98]
HT - Wz VBF 375 2.80 1.60 139 [99]
H — ww VBF 450 3.20 2.50 139 [101]
H — hyships — 4b ggF 1100 2.30 0.40 126-139 [114]
H — hyshyps — 4b VBF 550 1.50 n.a. 126 [115]
H — hyashyas — bbrt ggF 1000 3.10 2.00 139 [116]
H — hyzshi25 combination ggF 1100 330 210 126-139 [119]
X — Shyzs — bbyy ggF 575 (X), 200 (S) 350 2.00 140 [124]
hias — ZgZqg — 4L ggF 28 2.50 n.a. 139 [135]
hias — ZZq — 4L ggF 39 2.00 n.a. 139 [135]
hios — aa — bbuu ggF, VBF, VH 52 3.30 170 139 [137]
his — aa — 4y ggF 10-25 1.50 n.a. 140 [142]
hizs — et and hpss — ut ggF, VBF, VH 125 210 na. 138 [150]
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5.1. Summary of excesses

Table 2 lists the small excesses seen in Run 2 data relative to SM expectations, expressed as a local and/or global
significance, po. The table contains an entry for each paper reviewed in this report when that information is available, but
cases with a local significance below 1.5¢ are not mentioned. The common statistical procedure used is the CL; modified
frequentist method [155]. An excess with pg > 3o is sufficiently significant to provide ‘evidence’ of a signal. An excess
with pg > 50 is by convention considered a ‘discovery’. None of these observations are significant enough to establish
new physics. Awareness of these results is useful, as they can motivate future searches with the Run 3 dataset and help
set priorities.

5.2. Uncovered signatures

Several potential signal topologies for additional Higgs bosons or exotic decays of the 125 GeV Higgs boson have not
yet been explored (or only explored insufficiently) in ATLAS searches, despite being well motivated by phenomenological
considerations. A non-exhaustive list of such signatures, separated into signatures for high or low mass searches, is
discussed in the following.

5.2.1. High mass searches

e H™ — Whyys: In the 2HDM, unless cos (o — B) is very close to zero, the decay rate of the heavy charged Higgs boson
with a mass of at least 200 GeV into Why,s can become very large. The charged Higgs boson would be produced in
association with t and b, and the h{y5 would decay, like the SM Higgs boson, mainly into bb. The final state would
be characterized by a large number of jets and b-jets, and the leptonic decay of the W (either from the production
or decay) could be used for triggering. Other decay modes of the hi,5 are also worth exploring, as they might have
a smaller signal rate, but a cleaner signature.

In the MSSM the Ht — Whjy5 channel is less relevant, except for Ht masses around 200 GeV and for low values
of tan 8 [183].

e HT — WH: If there is a difference between the masses of the heavy CP-even H and the H™, then the decay
H*™ — WH may open up. Since this channel does not require the SM-like Higgs boson to couple to the BSM Higgs
sector, this decay rate can be large even in the case of alignment (cos (¢ — ) ~ 0). If H is heavier than twice the
top-quark mass, then the decay into tf will be dominant, leading to a busy final state with many jets and b-jets.
Other decay modes are also possible, depending on the specifics of the model.

e H — WH™: This decay is essentially the reverse of the one discussed before. In this case, the heavy Higgs boson H
(or A) would decay into WH™, if kinematically allowed. This decay would compete mostly with H — tt if H is heavy
enough. The aligned 2HDM [184], or the Gildener-Weinberg 2HDM in the alignment limit [185], strongly motivate
such a search. The dominant H* decay mode is H™ — tb for H masses above 200 GeV.

e HT — Wy: In the case of a fermiophobic HT, as predicted for example in the GM model for the five-plet, the decay
of the charged Higgs boson to vector bosons becomes dominant. For large H* masses, above 180 GeV, the decay
into WZ is explored in ATLAS searches, but for lighter H*, where WZ is kinematically not allowed, the decay into
Wy instead becomes important and therefore should be investigated too.

e H — SS: The heavy CP-even Higgs boson H can also decay into two lighter scalars S, where S is not the 125 GeV Higgs
boson. Relevant models for such a signature are those that predict two scalars with different masses and in addition
a SM-like Higgs boson. In particular, in the case of alignment, with vanishing H—h1,5 couplings, such decays can be
more important than decays into two 125 GeV bosons. ATLAS investigated this for the final state of SS — 4W [121]
with a partial Run 2 dataset, but further decay modes of the S should be explored.

e H — xx and H" — yx™: The decay of heavy neutral or charged Higgs bosons into SUSY particles can become
relevant if the SUSY mass scale is low enough for light charginos and neutralinos to be predicted. In the MSSM for
instance, the coupling of the heavy Higgs bosons to SUSY particles becomes large in the region around tan8 ~ 6
(also called the wedge region), which is difficult to constrain otherwise.

e H™T: Searches for doubly-charged Higgs bosons are also still undercovered. In particular, searches for light H™+
particles with a mass below 200 GeV, with subsequent decay of the H™* into same-sign W-boson pairs, have not
yet been explored at the LHC. A promising phenomenological study can be found at Ref. [186] for a mass range of
84-200 GeV. Another possible search opportunity [187] is the decay of the H*" to a W-boson and a charged Higgs
boson HT, with HT — WH, which is less constrained than the decays to WW or £¢.

5.2.2. Low mass searches
e Decays to axion-like particles involving higher-dimension operators: Ref. [188] investigated rare multi-body decays
of the 125 GeV Higgs boson in the context of effective field theories, involving four- or five-point interactions of
the Higgs boson with ALPs and other particles. The decays that were suggested are hiys — auu, h1os — aauu and
hi2s — aaqq (with a — yy or a — uu) for a-boson masses between 10 GeV and 50 GeV, and the results of this
phenomenological study showed that good sensitivity could be achieved with the current dataset. Such signatures
have not yet been explored experimentally.
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e (Semi-)invisible decays: Particles that traverse the detector without any interaction (for example dark matter, very
long-lived particles, gravitinos, stable SUSY particles, or neutrinos) can only be indirectly inferred via the presence
of missing transverse momentum. The Higgs boson can decay fully or partly into such invisible particles, e.g. via
hias — xix2 with xo — ax: (x1 is the lightest neutralino), which was explored by ATLAS in a specific final
state [189]. Another possible signature is hi;s — Za — 2¢ 4+ Ef™, studied in Ref. [190]. These kinds of decays
are challenging, in part because the decay cannot be fully reconstructed, but should be explored in more detail and
also in other final states.

e Exploring other production modes: So far, the experimental study of exotic Higgs boson decays and direct production
of light scalars has focused on production via gluon-gluon fusion. The ggF mode of 125 GeV Higgs boson production
has the largest cross-section, but other production modes can help to distinguish potential signal from background
through their distinctive signatures, such as the presence of forward jets in the VBF mode, or leptons (from Higgs
boson production in association with top quarks or vector bosons) that can be exploited for triggering and event
selection. One analysis that has explored this already is the search for tta with a — uu [98]. Another, still
unexplored, possibility is the production of the unknown (pseudo)scalar a in association with a W boson and
a photon, which was proposed in Ref. [191]. Such signatures require dedicated event selections to optimize the
sensitivity.

e Intermediate mass region 60 GeV < m, < 125 GeV: The decay of the 125 GeV Higgs boson into aa opens up for
a masses below 60 GeV, but off-shell effects may still contribute for heavier a-bosons [192], which have not been
explored experimentally yet. The production of additional Higgs bosons (for example via ggF) in this mass range
is also possible, but direct searches for additional Higgs bosons typically focus on the mass range above 125 GeV
because large SM background contributions (such as from decays of W and Z bosons, or tt) complicate these lower
mass searches.

e Long-lived particles (LLPs): LLPs are exotic particles that do not decay promptly but travel into the detector before
they eventually decay. LLPs can be produced in exotic Higgs boson decays for example. The lifetime is an unknown
parameter, and if it is large enough the LLP may even exit the detector before it decays. If it decays before exiting,
unusual detector signals may occur, such as calorimeter energy clusters without corresponding tracks (if the particle
decays in the calorimeter), or tracks appearing in the muon spectrometer without corresponding signals elsewhere.
In general, these searches are difficult and require dedicated techniques depending on the LLP type and lifetime.
This is still a relatively new and promising area with many opportunities for future efforts that extend the existing
searches for LLPs.

5.3. Limitations of current searches, and interesting new techniques

In order to improve future analyses, it can be helpful to investigate the limiting factors in current searches. New analysis
techniques are being developed to improve the searches for BSM Higgs bosons. Some of these limitations and promising
new techniques - without claiming completeness - are discussed below.

5.3.1. Data sample size and trigger

The amount of data is the most important factor in a very large number of searches performed by ATLAS. The cross-
sections for BSM Higgs boson production are expected to be very small compared to those for typical SM processes. For
example, the total cross-section for pp — tt at 13 TeV is 834 pb [193] and the total SM Higgs boson production cross-
section is 55 pb [30], whereas the cross-section for H" — tb with a H™ mass of 800 GeV and tan 8 = 1 in the hMSSM is
only 0.1 pb (which also marks the current sensitivity limit of the dedicated search [95]). Collecting huge amounts of data
is therefore paramount in establishing the existence of such processes with sufficient statistical significance (in simplified
terms a discovery is established when the measured signal is five times the size of the background uncertainty).

The total dataset from Run 2 that is deemed suitable for physics analyses (by satisfying a list of quality criteria [194])
comprises 140 fb~!, although the exact integrated luminosity used in each analysis varies slightly due to the trigger
choices or previous (less precise) luminosity determination methods. The dataset recorded in Run 3 by the end of 2023
amounted to 65 fb~!, and another 190 fb~! are expected to be recorded by the end of 2025.

While the amount of pp collision data is determined by the operation of the LHC, the sample size available for a specific
analysis depends strongly on the trigger. The trigger is a trade-off between signal efficiency and background rejection,
but the main limitation is in the resources available for long-term data storage. The LHC bunch-crossing rate is 40 MHz,
which is reduced to a recording rate of only 1 kHz by the trigger system, which accepts a variety of interesting events.
This rate is distributed among approximately 1500 trigger chains in Run 2 [195]. Specialized triggers may help to isolate
signatures of BSM physics, e.g. by selecting multiple high-pr objects. Some physics triggers also make increasing use of
machine-learning (ML) algorithms, for example in online flavour tagging. Some Run 2 analyses have used b-jet triggers,
for example in the search for H — bb [56] or hipshi;s — 4b [114]. This concept could be expanded to include other
selection criteria, tailored to enhance the efficiency for rare processes.

A special form of analysis designed to overcome some of these limitations is called trigger-level analysis (TLA). The
trigger uses a selective readout and then stores only a subset of the typical event information. The partial event recording
allows a larger number of events to be stored, which means searches can be expanded into regions that would otherwise
be rejected, especially regions of low pr. However, special reconstruction algorithms and calibrations are required. The
TLA technique was used, for example, in the ATLAS search for low-mass dijet resonances [196] and increased future usage
is expected.
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5.3.2. Monte Carlo sample size as a leading systematic uncertainty

MC simulations are a crucial ingredient in physics analyses looking for BSM signals. They are used to model the
signal, and they are also needed to estimate backgrounds when data-driven techniques are not applicable (in particular,
non-reducible backgrounds are difficult to select without a large contamination from signal events). For background
modelling, huge MC event samples are needed. For analyses that rely on the spurious-signal technique [197],e.2. H — yy,
H — Zy and (H —)hish12s — bbyy, MC sample size is a pivotal parameter. The largest systematic uncertainty in
these Run 2 analyses is the spurious signal. The goal of this technique is to quantify how well an analytic function can
model a background distribution shape when fitting a signal-plus-background model (where the background component
is described by this function) to a background-only dataset (often a MC dataset). If the background-only dataset has
large statistical fluctuations, the spurious signal will be dominated by these fluctuations rather than the actual modelling
uncertainty. In Run 2, the ratio of the total number of simulated MC events to the number of recorded data events was
approximately 1:1. Maintaining a similar ratio in the future is a huge challenge and requires increased usage of fast
simulation, currently provided by ATLFAsT3 [198]. Increasing the size of MC samples for spurious-signal studies to be
much larger than the corresponding data samples requires even faster simulation techniques.

5.3.3. Constraining systematic uncertainties using data

Using data to decrease systematic uncertainties is a practice often used in searches for BSM Higgs bosons. Simulated
MC data often does not model the real data perfectly, so correction factors need to be derived, or uncertainties are assigned
to cover the differences, for example in terms of object reconstruction and selection efficiencies for signal and background
processes, or background normalizations. Instead, real data may be used directly.

There are various ways to use the data for this purpose. Most commonly, the background can be extrapolated from a
signal-depleted region to a signal-enhanced region. The signal-depleted control regions are typically designed to enhance
the contribution of a specific background component, while still being sufficiently similar to the signal region. This can
be achieved, for example, by reversing a selection cut or loosening the b-tagging criteria. Corrections are often needed
because the control region does not match the signal region perfectly in some way. For example, object kinematics may
need to be reweighted, or systematic uncertainties may need to be introduced to account for any differences between
the true background and the extrapolated background. Typical approaches when using data to estimate the background
are the fake-factor method and the matrix method [199]. ATLAS uses sophisticated methods to identify particle types and
their charges, yet even a small probability of misidentifying objects can lead to large backgrounds that can be difficult
to estimate from simulation. Therefore, data is used to measure this probability with better precision. This is used, for
example, in the search for A/H — Tt~ [54].

Another technique is the use of fits that are performed simultaneously on events in signal-enriched and signal-depleted
categories. The nuisance parameters or scale factors connected to uncertainties in this background are correlated across
categories. This means the fit will be able to use the information in the control region to constrain the nuisance parameters
or normalization factors (that are connected to systematic uncertainties) in all regions, particularly the signal region. This
technique is used in many analyses, but it has especially large benefits for searches that involve multiple top quarks
and contributions from tt +qg (where q is a heavy-flavour quark such as b or c¢), for example in H™ — tb [95] or
ttH — tttt [58].

5.3.4. Machine learning to estimate or reject the background and improve the analysis sensitivity

The usage of multivariate analysis (MVA) techniques to separate potential signal from background is well established
in high-energy physics. These tools, such as boosted decision trees or different types of neural networks, are able to handle
correlations between a large number of variables and are therefore far superior to optimizations done by hand on one
variable at a time. Recently, parameterized MVAs were used successfully in searches for BSM Higgs bosons, for example
in the search for H — hyshi2s — bbtt [116]. The MVA output scores are either used in defining cuts and/or categories,
or used directly as final discriminants.

Neural networks can also be used for data-driven background estimation. In H — hyshqys — 4b [114], the background
is dominated by multijet events, which are difficult to model with MC samples and lead to very large uncertainties.
Therefore, the data is selected from a signal-depleted region and then extrapolated into the signal region. Differences
affecting various kinematic variables in a correlated way cannot be avoided, and neural networks are used to reweight
the data in the control region to closely resemble that in the signal region. Remaining non-closure uncertainties need to
be evaluated carefully, and these are expected to become more important as the amount of data increases and statistical
uncertainties decrease.

Anomaly detection techniques are expected to play a larger role in the future, as they enable searches for generic
signals without specifying features of those signals, for example their mass or width. Larger phase-space regions can be
covered in this way. Anomaly detection with weak supervision was used, for example, to search for dijet resonances [200],
and a fully unsupervised technique was applied in the generic search for Y — Xhqy5 [201].

Also interesting are procedures that make use of several different ML techniques in series. An example of this was
applied in the ATLAS search for hiys — Za with a — jet [145], where a regression multilayer perceptron (MLP) was
used to estimate the mass of the hypothesized a-boson and its output score fed into a MLP discriminant to improve the
background suppression.
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Another innovative approach uses ML in transformations of physics variables with a principal component analysis
(PCA), as was done in the search for H — bb [56]. In that search the bb mass resolution is improved after a PCA
transformation, which essentially corresponds to a reduction of correlations between the mass and other quantities. This
then leads to stronger limits on the production of a heavy Higgs boson.

5.3.5. Merged objects in boosted topologies

If the decay products of new resonances are very light relative to the resonance mass, then they are boosted, and
the decay products are emitted almost collinearly. For example, two jets from the decay of a boosted resonance can be
so close that they are reconstructed as one jet with a larger radius. Other objects can merge similarly. These signatures
are difficult to reconstruct and often require dedicated algorithms and calibrations. New taggers target these merged
objects, exploiting low-level detector information such as that from overlapping energy deposits in the calorimeter. Special
techniques for boosted particles were developed, for example, in the search for boosted H — hiyshias — bbtt [117]
and the search for H — Zy (with leptonic decay of the Z boson) [82]. The techniques vary depending on the mass
of the resonance and therefore the pr-regime; for example, although the approaches used to reconstruct heavy H —
hipshias — 4b [114] or hi;5 — aa — 4b [140] are similar, the identification of b-jets depends on the pr and requires
specific optimizations.

5.3.6. Improved flavour-tagging with advanced machine-learning techniques

Flavour tagging, especially the correct identification of jets originating from b-quarks, is an essential technique in
many searches involving BSM Higgs bosons. The enhanced coupling of heavy additional Higgs bosons to b-quarks means
that event selections targeting such processes will include criteria for these objects. The correct identification of events
with b-jets implies that backgrounds with jets originating from other quark types are suppressed, and this greatly
enhances the sensitivity. Flavour-tagging algorithms make heavy use of machine learning, exploiting track properties,
impact parameters or jet kinematics. During Run 2, the taggers used were based on deep neural networks [76]. Recent
developments for Run 3 have led to huge advances in this area, notably making use of graph neural networks [202].
These new b-tagging algorithms have higher rejection rates for the same b-jet efficiency, particularly for very high pr
jets. Improved b-tagging for boosted jets will significantly increase the sensitivity of searches at higher resonance masses,
which is currently limited.

6. Conclusions

The success of LHC Run 2 is the result of tremendous progress in the accelerator, detector and computing technologies,
theoretical advances, and the development of new analysis techniques. Compared to Run 1, the Run 2 dataset features
much higher integrated luminosity and collision energy, as well as improved detector performance. Refined analysis
algorithms include better object reconstruction, the introduction of boosted objects allowing extended search ranges, the
capacity to identify long-lived particles, and machine-learning techniques, which are now widely used in several areas
such as flavour tagging and signal purification. The Run 2 dataset, together with all these advances, has therefore provided
ATLAS with an outstanding opportunity to search for additional Higgs bosons and explore other BSM signatures.

A compendium of almost 50 searches for possible additional scalars and exotic Higgs boson decays is presented in
this report. Stringent upper limits have been set on the production of heavy or light Higgs bosons and on exotic decays.
Theoretical models have been constrained considerably, yet current searches are not sensitive enough to rule out these
models completely. Several small excesses have been observed in these searches, but no statistically significant evidence
has been uncovered for any of this much-anticipated new physics beyond the Standard Model.

Looking ahead, LHC Run 3 offers an even better opportunity to advance these searches. Run 3 data-taking started in
2022 and will continue until the end of 2025. Detailed analysis of the Run 3 dataset and exploitation of its full potential
will continue long after data-taking has ended and while the ATLAS Collaboration prepares for the High Luminosity LHC
era scheduled to begin in 2029. Run 3 brings increases not only in total integrated luminosity, but also in LHC beam energy,
from 6.5 TeV to 6.8 TeV. Expected cross-sections, especially for very heavy BSM particles, are larger. Run 3 provides an
independent dataset that may confirm or rule out some of the small excesses observed in Run 2, so very exciting times
lie ahead.

Continued meticulous effort is needed to achieve the maximum possible coverage of the parameter space for new
physics and to make new discoveries. Searches in currently unexplored channels or phase-space regions, including those
for long-lived particles, cascade decays, and very light or very heavy states, should be performed, along with high-precision
measurements of SM particles and the 125 GeV Higgs boson. Advances in machine learning are extremely helpful in
discriminating between background and well-hidden, small signals in dense environments. Refined particle identification
and the tagging of signatures helps to reduce the background and constrain systematic uncertainties. Developments in
software and computing are crucial for efficiently processing the large amounts of real or simulated data. Finally, creative
new analysis ideas are likely to pave the way forward to the next generation of searches in Run 3 data and beyond.
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