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bosons. The potential for a discovery at the High Luminosity LHC is also discussed.
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1. Introduction

The discovery of the Higgs (H) boson in 2012 [1-3], at a mass of about 125 GeV, represented a breakthrough for
elementary particle physics. Its observation brought a direct confirmation of the principle of spontaneous symmetry
breaking, which lies at the origin of elementary particle masses, and is a cornerstone of today’s standard model (SM)
of particle physics.

Since the H boson discovery, subsequent research has shown that the measured production and decay modes of the H
boson are in agreement with the SM expectations [4]. Thanks to the high luminosity of the CERN Large Hadron Collider
(LHC), the very sizeable data set of proton-proton (pp) collisions at a center-of-mass energy of 13 TeV accumulated during
Run 2 (2015-2018), and the considerable advances in analysis methodology, the very elusive SM Higgs boson pair (HH)
production process gradually comes into reach. HH production allows the probing of the trilinear Higgs coupling and thus
the investigation of the shape of the Higgs potential.

The H boson also provides an excellent instrument to probe hitherto unknown physics beyond the SM (BSM). A very
striking feature of such extensions would be the existence of heavy resonances coupling directly to the H boson, which
might, even dominantly, decay into final states involving H bosons. This would lead to an additional source of H boson
production in resonant topologies, which is absent in the SM. Given the small cross section of SM HH production due
to the destructive interference between several contributing processes, an excess of HH production with respect to the
SM prediction could reveal the existence of heavy BSM resonances. Similarly, the associated production of H and vector
bosons could be significantly modified by resonant contributions.

Extended Higgs sectors, which comprise more than the single complex Higgs doublet of the SM, would provide
natural candidates for heavy scalar bosons that decay into final states with one or more H bosons. Examples of such
models are two-Higgs-doublet models (2HDM) [5-8], 2HDMs extended with a scalar singlet (2HDM+S) [9-11], and
the two-real-singlet model (TRSM) [12]. Supersymmetry naturally incorporates extended Higgs sectors. The minimal
supersymmetric model (MSSM) [13-16] features a 2HDM-type Higgs sector, while the next-to-minimal supersymmetric
model (NMSSM) [17-19] includes a 2HDM+S-type Higgs sector.

Models of warped extra dimensions (WED) [20-29] predict the existence of an additional spatial dimension in which
the field quanta of gravity, the gravitons, propagate. The Randall-Sundrum bulk model gives rise to heavy resonances such
as the spin-0 radion, and a tower of Kaluza-Klein excitations of the spin-2 graviton, which might have sizeable branching
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Fig. 1. Higgs boson production cross sections in the SM as a function of the collider center-of-mass energy (left), and Higgs boson branching fractions
in the SM as a function of the Higgs boson mass (right).
Source: Both figures are taken from Ref. [35].

fractions into HH. In certain models, which might potentially solve the hierarchy problem, heavy vector resonances, like
W’ and Z’ bosons, form a heavy vector triplet (HVT) [30]. They could manifest themselves through decays into ZH and
WH, where W and Z denote the electroweak (EW) gauge bosons.

This report is organized as follows: Section 1 provides a brief introduction to the H boson and the theoretical concepts
underlying the resonant production of H bosons. Section 2 summarizes the techniques of the respective CMS analyses
on 13TeV data. Section 3 presents a coherent picture of the results of these analyses, as well as combinations of these
results. Section 4 is dedicated to interpretations of the results in the various models. Section 5 discusses projections
towards higher integrated luminosities, including the potential for a discovery at the High-Luminosity LHC (HL-LHC). A
summary is given in Section 6.

Tabulated results unique to this report are provided in a HEPData record [31].

1.1. The Higgs boson at the LHC

The Higgs boson was first proposed in the 1960s [32-34], and was finally discovered at the LHC in 2012, by the
ATLAS [1] and CMS [2,3] collaborations.

In the SM, the Higgs field has a nonzero vacuum expectation value, which breaks the EW symmetry and generates the
masses of the W and Z bosons, while leaving the photon massless. This process is called the EW symmetry breaking of
the Brout-Englert-Higgs mechanism.

There are several ways that H bosons can be produced at the LHC in pp collisions, each with their own unique
experimental signature. The production cross sections are shown in Fig. 1 (left).

The dominant H boson production mechanism is through the “gluon fusion” process (ggF), which involves the fusion
of two gluons from the colliding protons. This process accounts for around 88% of all H bosons produced at the LHC.
“Vector boson fusion” (VBF) describes the scattering of two vector bosons V (W or Z bosons) exchanged between the
colliding protons, and accounts for around 8% of all Higgs bosons produced at the LHC. Other processes include associated
H boson production with vector bosons (VH), with top quarks (ttH), or with bottom quarks (bbH).

Once produced, Higgs bosons can decay in various ways, each producing a different final state of particles. The most
common and experimentally accessible H boson decay modes are to a pair of bottom quarks, W bosons, t leptons, and
Z bosons as shown in Fig. 1 (right). The H boson does not directly couple to gluons or photons, but can decay into them
via fermion or W boson loops.

The properties and couplings of the H boson have been extensively studied at the LHC. The SM does not predict
the mass of the H boson, but once the mass is given, all its other properties are defined. The most recent and precise
measurement of the H boson mass is my = 125.22 £ 0.14GeV [36]. The CMS Collaboration has measured the H boson

width to be I}, = 3.2775 MeV via off-shell production in the 4¢ and 2¢ + 2v final states [37]. This value is in agreement
with the SM prediction of 4.1 MeV [38].

To quantify the agreement between the data and the SM predictions, the concept of a signal strength can be used, which
is defined as u = o /ogy, where o is the measured production cross section and oy, is the SM prediction. After performing
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Fig. 2. Signal strength parameters extracted for various production modes p;, assuming the branching fractions B = ng (left), and decay channels
uf, assuming the production cross sections as predicted by the SM (right). The thick and thin black lines indicate the one and two s.d. confidence
intervals (labeled by SD in the figures), with the systematic and statistical components of the former indicated by the red and blue bands, respectively.

The vertical dashed line at unity represents the values of u; (resp. [,Lf) in the SM.
Source: Taken from Ref. [4].

a combined fit of all the data collected at /s = 13 TeV, in all production modes and decay channels, the observed H signal
strength is © = 1.002+£0.057 [4], in agreement with the SM prediction. Fig. 2 shows the CMS measurements of the signal
strength parameter for each production mode, u; = 0;/0; sy, and several decay channels, Mf = Bf/BgM, where B is the
branching fraction. The production modes ggF, VBF, WH, ZH, and ttH are all observed with a significance of five standard
deviations (s.d.) or above [4].

To quantify the impact of new physics on the interaction between the H boson and other particles, we scale the
coupling strengths as predicted in the SM by a factor «; (the coupling modifiers) [38], where i is the coupling which
the modifier corresponds to. Two coupling modifiers are introduced, «, and «;, to scale the couplings to the EW gauge
bosons and fermions, respectively. When differentiating between the two heavy gauge bosons W and Z, we can define
iy and k. Equivalently, for the fermions we define «, «y, «;, and «,. In extensions of the SM with new particles,
loop-induced processes may receive additional contributions, therefore introducing additional modifiers for the effective
couplings of the H boson to gluons («, ), photons («, ), and Zy (k). According to the latest combined results on these
effective couplings shown in Fig. 3, the measured coupling modifiers are compatible with the SM expectations within
1.5 s.d., with uncertainties around 10% for most couplings [4]. The invisible and undetected decays of the Higgs boson are
also considered, where the latter expression refers to Higgs boson decays into final states that cannot be distinguished
from background processes, at the LHC.

The H boson trilinear coupling is a measure of the Higgs field’s self-interaction strength and determines the shape of
its potential. The Higgs boson self-coupling can be accessed directly at the LHC via Higgs boson pair production. This rare
process has a very low SM cross section because of the destructive interference of the two contributing processes at leading
order (LO), the box and triangle diagrams shown in Fig. 4 (left and middle). Only the triangle diagram is sensitive to the
H trilinear coupling. As a result, detecting the production of Higgs boson pairs and determining the trilinear self-coupling
is a major experimental challenge.

The CMS Collaboration has constrained the coupling modifier for the trilinear H boson self-coupling to be within —1.24
and 6.49 at 95% confidence level (CL) using pp data corresponding to an integrated luminosity of 138 fb~', and assuming
SM values for the Higgs boson couplings to top quarks and vector bosons. The production cross section for inclusive HH
production has been constrained to be smaller than 3.4 times the value predicted in the SM at 95% CL [4].

To understand the Higgs sector is essential for particle physics and cosmology. Determining the exact behavior of the
Higgs field will help us understand the formation of structures in the early universe immediately after the Big Bang, and
the stability of the vacuum. Some theories of inflation involve a scalar field as the inflaton, the field responsible for driving
the expansion of the universe [39,40]. The fact that the Higgs field is the only scalar field currently known motivates a
theory based on the idea that the Higgs field caused inflation. In addition, the behavior of the Higgs field during the phase
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Fig. 3. Measurements of the coupling modifiers «;, allowing both invisible and undetected decay modes, with the SM value used as an upper bound
on both kv, and «. The thick and thin black lines indicate the +1 and +2 s.d. confidence intervals, respectively, with the systematic and statistical
components of the £1 s.d. interval indicated by the red and blue bands. The resulting branching fractions for invisible and undetected decay modes
are also displayed.

Source: Taken from Ref. [4].
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Fig. 4. Leading order Feynman diagrams of Higgs boson pair production via gluon fusion. The left and middle parts of the figure show the “triangle”
and “box” diagrams, respectively for nonresonant H production, as expected from the SM. The right part of the figure shows a diagram for H boson
production through a new resonance labeled as X.
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transition in the early universe can explain leptogenesis [41] and baryogenesis [42,43] and could potentially shed light
on the matter-antimatter asymmetry we observe today [44]. However, the Higgs sector does not have to be minimal.
The presence of additional fields would have an impact on the mechanisms of inflation, leptogenesis, and baryogenesis.
Studying the Higgs interactions in detail and exploring the Higgs sector more broadly provide a promising avenue for
discovering BSM physics and understanding the evolution of the early universe.

1.2. Resonant Higgs boson production in models beyond the SM

The production of H bosons through the decay of heavy resonances is not possible within the SM. A generic example
of a Feynman diagram for such a process is shown in Fig. 4 (right), where X denotes a sufficiently heavy resonance. In
the following, we briefly review BSM models in which such production mechanisms occur.

1.2.1. Extended Higgs sectors

The SM Higgs sector consists of one complex Higgs doublet and leads to the prediction of one physical H boson.
However, there is no guarantee that the Higgs sector is minimal. The SM Higgs sector can be extended with additional
singlets, doublets, or triplets, or combinations thereof [6,45-48]. Extended Higgs sectors imply the presence of additional
Higgs bosons: Neutral Higgs bosons appear in singlet, doublet, and triplet extensions; charged Higgs bosons H* appear in
doublet and triplet extensions; and doubly charged Higgs bosons, like e.g., utt, appear in triplet extensions. In this report,
we focus on extensions with singlets and doublets since these lead to final states with SM-like H bosons. Furthermore, it
is assumed that the singlets and doublets acquire a vacuum expectation value and couple to the SM particles.

The phenomenology of the additional neutral bosons also depends on their CP structure. Here, we only consider CP
eigenstates: pure scalars are denoted by either X or Y, with myx > my,, and pseudoscalars are denoted by A or a, with
m, > m,. Depending on the structure of the extended Higgs sector and on the masses of the additional scalars and
pseudoscalars, the following decays involve SM-like H bosons in the decay chain:

. decays of a heavy neutral scalar to two SM-like Higgs bosons, X — HH,

. decays of a heavy neutral scalar to an SM-like Higgs boson and another scalar, X — YH,

. decays of a heavy pseudoscalar to an SM-like Higgs boson and another pseudoscalar, A — Ha, and

. decays of a heavy pseudoscalar to an SM-like Higgs boson and a Z boson, A — ZH.

. For large my and if my, > 250 GeV, there can also be chained decays leading to the production of multiple H bosons,
X —->YY - HHHH and X - YH — HHH.

UGN WN =

In general, the additional singlets and doublets mix with the SM doublet and therefore modify the couplings of the
SM-like scalar H [49]. The couplings of the observed H boson agree well with the SM predictions, leading to significant
constraints on the parameter space of extended Higgs models [4,50-52].

Additional singlets. The most straightforward extension of the SM Higgs sector is to introduce an additional real-singlet
field S [53-56]. The ratio of the vacuum expectation values v of the SM complex doublet and of the singlet, (S), defines
the parameter tan 8 = v/(S). The real-singlet model leads to one additional scalar X, which can be heavier or lighter
than H. When applying a Z, symmetry that requires invariance under transformation of the field S — —S, the scalar X
obtains its couplings to SM particles from mixing with the SM-like H boson, with a mixing angle «. The couplings to SM
particles hence correspond to those of the H boson, albeit suppressed by a factor sin« if my > my.

For this reason, also the branching fractions of the scalar X equal those of an SM-like Higgs boson, unless my > 2my,
in which case the decay X — HH becomes kinematically possible. In this case, the decays to other SM particles are
suppressed depending on the partial width of the X decay to HH, which depends on tan 8. In summary, the extension
with a real additional scalar with Z, symmetry involves three new free parameters — the mass of the additional scalar
my, the mixing angle «, and the ratio of the two vacuum expectation values tan 8 — and leads to X — HH decays if
kinematically possible, with a relative rate compared to the other decay modes depending on tan .

Adding a second real singlet field, again imposing Z, symmetry, defines the two real singlet model (TRSM) [12].
Compared to the real-singlet extension, the TRSM introduces four new parameters: the mass of a second new scalar
Y, the mixing angles between the second real singlet field and the complex SM doublet as well as the other real singlet
field, and the vacuum expectation value of the second real singlet field. The main difference in terms of phenomenology
is that, depending on the masses of the additional Higgs bosons, decays of type X — YH, X — HH (or Y — HH), and
X — YY become possible, including the chained decays X — YY — HHHH and X — YH — HHH. All of the decays
involving H bosons can have large branching fractions and are hence of experimental interest. The final states that provide
the largest sensitivity after the decays of the H bosons depend on the branching fractions of H (discussed in Section 1.1)
and Y. The Y branching fractions correspond to those of an SM-like Higgs boson of mass my, . Therefore, decays into W
and Z bosons dominate above the WW and ZZ production thresholds, and decays to tt become relevant above the tt
production threshold. This is different from 2HDMs where decays into fermions are dominant for a large fraction of the
parameter space.
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Additional doublets. In 2HDMs, the SM is extended with a second Higgs doublet leading to the emergence of three neutral
and two charged Higgs bosons [5-8]. Most commonly it is required that each Higgs doublet only couples to charged
fermions of one type (up-type quarks, down-type quarks, or charged leptons) and CP-violating terms at the tree level are
forbidden to evade constraints from flavor-changing neutral currents and the negative results of searches for CP violation
in the Higgs sector. These constraints give rise to four types of 2HDMs that are distinguished by which of the Higgs doublet
fields couples to which type of fermions:

1. Type I, with all charged fermions coupled to the second Higgs doublet,

2. Type II, with only up-type quarks coupled to the second Higgs doublet,

3. Lepton-specific (Type X), with only up-type and down-type quarks coupled to the second Higgs doublet, and
4. Flipped (Type Y), with only up-type quarks and charged leptons coupled to the second Higgs doublet.

The free parameters of the model can be expressed in terms of the masses of the Higgs bosons (my, with H being the
SM-like Higgs boson, as well as my, m,, and my+ ), the vacuum expectation value of the SM-like doublet v, the ratio of the

two vacuum expectation values tan 8, the mixing angle «, and a parameter m,, that softly breaks the Z, symmetry. Since
my and v are known, there are six free parameters in these 2HDM scenarios. However, there are important constraints
on the parameter space. Constraints from EW precision data require the masses of at least two of the additional Higgs
bosons to be close to each other [57], which is why mass-degenerate scenarios are studied most frequently. In addition,
flavor observables lead to strong constraints in the overall parameter space, and in particular to lower bounds on m_+ of

around 600 GeV in Type Il and Type Y models [58-61]. Furthermore, in the so-called alignment limit with cos(8 —a) — 0
the H boson becomes SM-like. In turn, the measurements of the H boson couplings, which are consistent with the SM
predictions within uncertainties [4,52], lead to constraints on |cos( — «)| between 0.02 and 0.3, depending on the type
of 2HDM and on tan g [50-52,57].

The couplings of additional heavy Higgs bosons X and A that involve an H boson crucially depend on cos(8 — «). For
cos(B — ) — 0, the branching fractions for the decays X — HH and A — ZH vanish. While the couplings remain the
same for different types of 2HDMs, the branching fractions can be different because these depend on the partial widths
of all decay modes. Example branching fractions for 2HDMs of Type I and Type II are shown in Fig. 5. For non-mass-
degenerate 2HDMs, decays of type A — ZX and X — ZA are possible. If allowed, these decays usually have large
branching fractions that are not suppressed in the alignment limit.

An important special case of a 2HDM of Type II is the Higgs sector of the minimal supersymmetric standard model
(MSSM) [13-16]. At the tree level, the MSSM Higgs sector can be described by two parameters, m, and tan . The
MSSM naturally predicts an H boson that has nearly SM-like couplings, in particular when m, is large. Furthermore,
the mass of the SM-like H boson follows from the MSSM parameter values. For small values of tan 3, i.e, tang8 > 1, a
large supersymmetry (SUSY) breaking scale is needed to achieve my = 125 GeV. This is, however, consistent with the
nonobservation of SUSY partners at the LHC.

Various MSSM benchmark scenarios have been proposed [35,64-67,70]. Searches for A /X — 1t exclude a large fraction
of parameter space at medium to high tan 8 [71], such that the phenomenologically interesting parameter space is at
low to medium tan . Fig. 6 shows the X — HH branching fractions in two scenarios that are particularly designed to
give non-excluded predictions at low tan 8. The branching fractions for masses below the tt threshold can reach values
of more than 80%, making this channel very important, though measurements of the H boson couplings indicate that
m, > 400-500 GeV [50,51]. For intermediate values of tan 8, the branching fraction (X — HH) can still be of order 10%
and the search remains important, whereas B(A — ZH) is found to become negligible.

Models with additional singlets and doublets. Models that combine singlets and doublets include the next-to-minimal
2HDM (N2HDM), which extends the 2HDM with a real singlet, and the 2HDM+S, which extends the 2HDM with a complex
singlet [9-11]. Considering only CP-conserving versions of the model, the N2HDM predicts three CP-even neutral Higgs
bosons (again denoted as H, X, and Y), one CP-odd neutral Higgs boson A, and two charged Higgs bosons . Compared
to 2HDMs, the N2HDM adds four additional parameters [11]: two mixing angles «, and «s, responsible for the mixing
of the additional singlet with the two doublets, the mass of the additional CP-even Higgs boson my,, and the vacuum
expectation value of the real singlet vg. The N2HDMs can be categorized in the same four scenarios as 2HDMs, depending
on the Yukawa couplings.

Phenomenologically, N2HDMs share many similarities and constraints with 2HDMs, in particular, those related to EW
constraints and flavor observables. However, the singlet admixture can affect the couplings of the SM-like H boson. Most
importantly, the additional scalar Y can either be produced directly or in decays of heavier Higgs bosons, X — YH and
X — YY. Unlike decays to two SM-like Higgs bosons like X — HH, these decays are not suppressed in the alignment
limit, which is at least approximately realized given the SM-like nature of the H boson. The decays X — YHand X — YY
can hence be dominant if kinematically allowed. The branching fractions of the Y boson to SM particles depend on the
Yukawa type and the other model parameters. This leads to a variety of experimentally relevant final states [72,73].

The 2HDM+S model adds a second CP-odd Higgs boson, leading to the additional A — Ha decay, which is
experimentally consistent with the X — HY signature [74]. The Higgs sector of the next-to-minimal MSSM (NMSSM) is
a 2HDMH+S of Type Il [17-19]. The NMSSM generally leads to the same signatures as the N2HDM and 2HDM+S models,
but, like the MSSM, is more constrained due to the characteristics of SUSY, and these constraints differ from the MSSM
because of the additional particle content [55,75,76].
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mfz = mi tanB/(1+ tan® B). The branching fractions have been calculated with 2HDMC v1.8.0 [62,63].

1.2.2. Warped extra dimensions (radion and Randall-Sundrum graviton)

Models with a warped extra dimension (WED), as proposed by Randall and Sundrum (RS) [20], postulate the existence
of one extra spatial dimension compactified between two fixed “branes”. The region between the branes is referred to
as bulk and possesses an exponential metric. The gap between the two fundamental scales of nature, such as the Planck
scale (Mp) and the EW scale, is controlled by a warp factor (k) in the metric, which corresponds to one of the fundamental
parameters of the model. The brane where the extra-dimensional metric’s density is localized is called the “Planck brane”,
while the other, where the Higgs field is localized, is called the “TeV brane”. This class of models predicts the existence of
new particles that can decay to HH, such as the spin-0 radion R [21-23], and the first spin-2 Kaluza-Klein (KK) excitation
of the graviton, G [24-26]. The radion is an additional element of WED models, needed to stabilize the size of the extra
dimension [, where the distance between the branes is connected to its vacuum expectation value [21].

There are two possible ways of describing a KK graviton in WED models, that depend on the localization choice for the
SM matter fields, as shown in Fig. 7. In the RS1 model, only gravity is allowed to propagate in the extra-dimensional bulk.
In this model, the KK graviton couplings to matter fields are controlled by the dimensionless quantity k = k/Mp, [20],
with the reduced Planck mass Mp, defined by Mp/+/87. The second possibility is to have SM particles propagate in the
bulk, the bulk-RS model. In this scenario, the KK graviton couplings to the matter fields depend on the localization of the
SM fields in the bulk. This report uses the phenomenology of Ref. [27]. The SM particles are allowed to propagate in the
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Fig. 6. Branching fraction of X — HH decays in the MSSM, for the hMSSM [64-66] (left) and the M,ﬁspr [67] benchmarks, in the m, -tan 8 plane.

Source: The branching fractions are taken from benchmark files produced by the MSSM subgroup of the LHC Higgs Working Group [68,69].
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Fig. 7. Localization of fields on the branes, in different types of the Randall-Sundrum (RS) model: RS1 (left) and bulk-RS (right). The x-axis represents
the 5th dimension with the Planck brane on the left and the TeV brane on the right. The y-axis is the probability density.
Source: Adapted from Ref. [28].

bulk and follow the SM gauge group’s characteristics, with the right-handed top quark localized very near the TeV brane
(the so-called elementary top quark hypothesis). _

It is common practice to express the benchmark points of the model in terms of k, and the mass scale Az = /6 efk'Mpl,
where the latter is interpreted as the ultraviolet cutoff of the model [29]. The addition of a scalar-curvature term can
induce mixing between the scalar R and the H boson [29,77,78]. Precision EW studies suggest that this mixing is
small [79], so we neglect the possibility of R-H mixing in this report.

The choice of localization of the SM matter fields for the KK-graviton resonance impacts the kinematics of the signal
and drastically modifies its production and decay properties [80], so that a distinction of the RS1 and bulk-RS models is
necessary for the G phenomenology. In contrast, the physics of the radion depends only very weakly on the choice of the
model [29], which obviates the need to distinguish the RS1 and bulk-RS possibilities in this case. More details on WED
models can be found in Ref. [28].

In RS1, with all the SM fields localized on the TeV brane, a heavy graviton would decay to a wide range of final states
with significant branching fractions as shown in Fig. 8 (upper left), and constraints on the RS1 model are mainly obtained
from fermionic channels [81]. In the bulk-RS model, the maximum branching fraction to a pair of Higgs bosons is below
10% under the hypothesis of an elementary H boson, as shown in Fig. 8 (upper right). Accordingly, the HH final state is
usually not the most important one for placing constraints on the bulk-RS model, where the largest sensitivity arises from
searches in WW, ZZ, or tt signatures. However, the branching fraction to HH can reach 25% if the top quark coupling
becomes small, such that investigations of HH signatures are necessary in the context of bulk-RS models, because the
branching fractions are very model dependent.

The dominant R decay modes are into pairs of massive gauge bosons, H bosons, and top quarks, as shown in Fig. 8
(lower). Since the couplings are determined by the masses of the final-state particles, and these masses arise from the H
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Fig. 8. The decay branching fractions of an RS1 graviton (upper left), bulk graviton (upper right), and radion (lower). Solid lines assume a fully
elementary top quark, while the dashed lines ignore the coupling of the graviton to top quarks.
Source: Adapted from Ref. [28].

boson localized on the TeV brane, the RS1 and bulk-RS couplings are identical at LO. For large resonance mass my, the
corresponding widths are
3

1 m
(R — HH)=T'(R = 22) = (R - WW)/2 = — — (1)
327 A
and
3 [m 2 ms
(R — tT) = — (t) —- (2)
8w \ my Ax

For large radion masses, the branching fraction to HH is approximately 25%, independent of Ag, because the contribution
from decays to tt is suppressed by (m,/my )2. This makes R — HH an important channel in the search for a radion
resonance.

1.2.3. Heavy vector triplet (W' and Z')
A class of models extending the gauge groups of the SM predicts new force-carrying vector bosons. They may form
a heavy vector triplet (HVT) [30] consisting of W' and Z’, in analogy with the carriers of the weak force. Examples
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Fig. 9. Feynman diagrams for the production of z' and W’ bosons produced through the (left) Drell-Yan and (right) vector boson fusion process.
The z’ (resp. W) boson subsequently decays into ZH and W H, respectively.

of such theories include weakly coupled W’ and z" models [82-84], little Higgs models [85,86], and composite Higgs
scenarios [87-91]. The latter are of particular interest as they offer a potential solution to the hierarchy problem. In these
scenarios, the H boson is a strongly coupled bound state, a pseudo-Nambu-Goldstone boson, sharing constituents with
new heavy vector bosons. One possible signature of such models at the LHC is H boson production through new heavy
vector resonances.

The phenomenology of models including an HVT can be deduced from a simplified Lagrangian [30]. The HVT model is
characterized in terms of four parameters: the masses of the W’ and z’ resonances, which are degenerate, a coefficient
cg, which scales the W’ and z’ couplings to fermions, another coefficient ¢, which scales the W' and Z’ couplings to the
H boson and longitudinally polarized SM vector bosons, and g,, which represents the typical strength of the new vector
boson interaction.

The two main W’ and Z' production modes at the LHC and their decays to VH are shown in Fig. 9. The triplet
field, which mixes with the SM gauge bosons, couples to the fermionic current through the combination of parameters
g = gch/gV and to the H and V bosons through g; = gy ¢y, where g is the SU(2), gauge coupling, taken to be
2my, /v = 0.6534 with the W boson mass my, and the vacuum expectation value v from Ref. [48]. We will derive the
constraints on the couplings g and g for several values of g, below.

Three benchmark scenarios are typically considered in searches.

e Model A, with g, = 1, ¢y = —0.556, and c; = —1.316, corresponding to gz = —0.562 and gy = —0.556. This
scenario reproduces a model with a weakly coupled extended gauge theory [92].

e Model B, with g, = 3, ¢y = —0.976, and ¢y = 1.024, corresponding to g = 0.146 and g;; = —2.928. It mimics a
minimal strongly coupled composite Higgs model [88].

e Model C, with g, = 1, ¢y = 1 — 3, and ¢y = 0, is a model where couplings to fermions are suppressed, such that
no production via a Drell-Yan (DY) process is possible at the LHC and the production of W’ and Z" bosons happens
exclusively via VBF.

In all three scenarios, fermion universality is assumed. In model A, the vector resonances have larger couplings to fermions
than to bosons, with the branching fractions to quarks enhanced by the color factor in QCD. Thus, searches for resonances
in fermion pair production are most sensitive. Models B and C have large branching fractions to boson pairs, while the
fermionic couplings are suppressed.

The analyses discussed in this paper derive results using the narrow-width approximation. In this approximation, the
production of a certain final state through the W’ and Z’ resonances can be factorized into the production of the W' and
7' resonances, followed by the decay with the respective branching fractions to the final state under consideration. We
parametrize the W' and z’ production cross sections as

opy(&r> 8> 8v) = ng Gpy (3)

over(8r» 811> 8v) = ggl Gygr (4)

where 6y and 6y for model B are shown in Fig. 10. Compared to the production cross sections of heavy scalar resonances
discussed in Section 1.2.1, where the smallness of the cross sections restricts the sensitivity at the LHC to masses of order
1TeV, the W’ and Z’ cross sections are large enough to probe masses of multiple TeV.

The branching fractions of W’ and Z' bosons as functions of the coupling parameter g;; times the sign of gz are shown
in Fig. 11. These are computed for g; values corresponding to the benchmarks models A and B, and for two distinct
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Fig. 10. Cross sections for (left) Drell-Yan production (6py) and (right) production through vector boson fusion (6yg), as defined in Eqs. (3) and (4),
for z' and W’ bosons in the heavy vector triplet (HVT) model B at /s = 13 TeV.
Source: Calculations are based on the work of Ref. [30].

resonance masses of 1 and 2 TeV. For a resonance mass of 1TeV, a subtle distinction between positive and negative values
of gp is observed, whereas branching fractions are symmetric with respect to the sign of g; for higher masses. When gy is
small, the branching fractions for decays into quark final states are large. The leptonic decay modes are suppressed due
to the QCD color factors. Conversely, for large values of g;;, the bosonic decay modes dominate the branching fractions,
indicating that the searches for VH resonances have the best sensitivity together with searches for VV resonances.

The dependence of the branching fraction of the decay z' — VH on the parameter g is shown in Fig. 12 (left) for
a resonance with a mass of 2TeV. This branching fraction increases for decreasing g, asymptotically approaching the
maximum value of about 50% as gy; increases. The total width of the 7' boson is shown in Fig. 12 (right) for a resonance
mass of 2 TeV. The width increases for increasing values of gz and gy . For small values of g, the width changes more rapidly

as a function of gi;. The W' boson branching fractions and decay widths exhibit very similar behavior as a function of g;

and gy to those of 7' bosons, and are not shown here. Previous searches by the CMS and ATLAS Collaborations in the VH
channel have not observed significant deviations from the SM [93-107].

2. Detector and analysis techniques

The analyses described in the following sections are searches for a new heavy resonance X in the X — HH, X — VH,
and X — YH decays, where V denotes a W or Z boson, H the observed Higgs boson, and Y another new particle like an
additional Higgs boson, as predicted in several extensions of the SM Higgs sector. This report focuses on analyses by the
CMS Collaboration; related results from the ATLAS Collaboration can be found in Refs. [101,108-113].

In most analyses, the intermediate particles V or Y are targeted in decay modes involving b quarks, leptons or
photons. This choice is made to profit from the accuracy with which these particles can be reconstructed and identified
to distinguish the resulting final states from the overwhelming amount of purely hadronic processes at the LHC. In all
searches the natural decay widths of the X and Y particles are assumed to be small compared to the experimental
resolution. Implications of this assumption are discussed in Section 4.4.

The search signatures are rich in characteristic features, most notably there are three resonance masses in the full
decay chain, of which the masses of the V bosons and my; are known to a precision of better than 1%. To include this
information in the process description, we introduce a notation where the final-state particles are associated with the Vv,
H, or Y particles. For example, with this notation the decay X — Y(bb)H(zt) indicates the subsequent decays of Y — bb
and H — tt. An overview is given in Table 1 of all the analyses discussed in the following sections and the kinematic
ranges of their sensitivity.

The analyses span resonance mass ranges of 90 < my < 6000GeV and 60 < my < 2800 GeV. Such large ranges
in mass require different reconstruction techniques even for the same final state [125]. In the case of small my, the
decay products of Y and H are produced with large angular separation and can be reconstructed as separate objects.
This characterizes a regime with fully resolved final states. In contrast, for large my and sufficiently small m,,, the decay
products of Y and H are strongly collimated because of the large Lorentz boost; such kinematic regimes are referred
to as boosted throughout this report. Final state objects being part of such collimated decays are referred to as merged.
In the boosted regime, the hadronic decay products of the intermediate resonances, e.g., H(bb), are reconstructed as a
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Fig. 11. Branching fractions for heavy vector triplet (HVT) bosons with masses of (upper) 1 and (lower) 2TeV for values of the parameter g
corresponding to models (left) A and (right) B. The exact branching fractions of each model are indicated by the crossing points of the individual
curves with the dashed vertical lines.

Source: Calculations are based on the work of Ref. [30].

single large-R jet with substructure identification and grooming of soft and large-angle radiation [126-128], where the
parameter R denotes the distance parameter of the jet finding algorithm, as described in Section 2.2.1. Typically for the
values of R used in this paper, the resolved regime corresponds to my < 1TeV, and the boosted regime to my > 1TeV
with my, <« my. For my &~ 1TeV both merged and resolved final states might be encountered depending on the helicity
angles of the boson decays.

Unless stated otherwise, all analyses are based on pp collision data collected between 2016 and 2018, at a center-of-
mass energy of 13 TeV, corresponding to an integrated luminosity of 137-138 b

2.1. The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diameter, providing a magnetic
field of 3.8 T. Within the solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic
calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap
sections. Forward calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors. Muons
are measured in gas-ionization detectors embedded in the steel flux-return yoke outside the solenoid. A more detailed
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Source: Calculations are based on the work of Ref. [30].

Table 1
Summary of all analyses discussed in Section 2. Note that the list of sub-channels is not exhaustive in all
cases. All analyses listed under YH also contribute to the HH measurements.

Target final state Ref. Mass coverage (GeV) Comment
Y H My
Z(£e) 1T [114] 220-400
Z(LL 4 vv) bb [115] 225-1000 resolved jets
W(ev) bb [116]  1000-4500 W — £v and merged bb jet
Z(ee) bb [117] 800-4600 Z — ££/vv and merged bb jet
Z(aq) bb [118] 1300-6000 two merged jets
H H my
bb W(EV)W(lv +qq) [119] 250-900 resolved
bb W(v)W(ev +qq)  [120] 800-4500 merged
WW + 11 WW + 11 [121] 250-1000 multilepton final state
Y H my my
bb 1T [122] 240-3000 60-2800 resolved jets and t leptons
bb vy [123] 300-1000 90-800 resolved jets and photons
bb bb [124] 900-4000 60-600 two merged bb jets

description of the CMS detector, together with a definition of the coordinate system used and the relevant kinematic
variables, can be found in Ref. [129].

Events of interest are selected using a two-tiered trigger system. The first level, composed of custom hardware
processors, uses information from the calorimeters and muon detectors to select events at a rate of around 100 kHz
within a fixed latency of 4 s [130]. The second level, known as the high-level trigger, consists of a farm of processors
running a version of the full event reconstruction software optimized for fast processing, and reduces the event rate to
around 1 kHz before data storage [131].

2.2. Physics objects

The reconstruction of the pp collision products is based on the particle-flow (PF) algorithm [132], combining the
available information from all CMS subdetectors to reconstruct individual particle candidates, categorized into charged
and neutral hadrons, electrons, photons, and muons. The average number of interactions per bunch crossing was 23 in
the year 2016 and 32 in the years 2017-2018. The fully recorded detector data of a bunch crossing define an event for
further processing. The primary interaction vertex (PV) is taken to be the vertex corresponding to the hardest scattering
in an event, evaluated using tracking information alone, as described in Ref. [133]. Secondary vertices, which are detached
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from the PV, might be associated with decays of long-lived particles emerging from the PV. Any other collision vertices
in an event are associated with additional mostly soft inelastic pp collisions referred to as pileup (PU).

2.2.1. Jets and missing transverse momentum

AK4 and AKS jets. All PF candidates are clustered into jets using the anti-k; clustering algorithm [134] as implemented
in the FASTJET software package [135]. By default, a distance parameter of R = 0.4 is used. The resulting jet collection
will be referred to as AK4 jets. Ideally, the kinematic properties of AK4 jets resemble those of the single quarks or gluons
initiating them. In the boosted regime the fragmentation products of the individual quarks, resulting from hadronic v, H,
or Y decays, start to overlap and cannot be properly reconstructed as AK4 jets. For this purpose, a second collection of
large-R jets is obtained with a distance parameter of 0.8, referred to as AK8 jets. The larger jet radius allows the inclusion
of all hadronic decay products in a single jet, and subsequently jet substructure techniques can be applied to identify the
boosted decay within this jet, as explained further down.

In each case, the jet momenta are determined from the vectorial sum of the momenta of all PF candidates contained
in a jet. The value of this sum is measured to be within 5 to 10% of the same quantity calculated from the momenta of
stable particles inside equally clustered generated jets in simulation, which holds over the entire transverse momentum
(pr) spectrum and geometrical detector acceptance. Jet energy corrections to the stable-particle level are obtained from
simulation, and are confirmed with in situ measurements of the energy balance in dijet, multijet, y+jets, and Z+jets events,
where the Z boson decays into light leptons [136]. Residual corrections to the simulated energies to match the observed
spectra usually amount to no more than 2%-3%. When combining information from the entire detector, the jet energy
resolution typically amounts to 15%-20% at 30 GeV, 10% at 100 GeV, and 5% at 1TeV [136].

The AK4 jets are restricted to p; > 30 GeV. Depending on the analysis, these are either used in a range of || < 2.4,
well contained in the coverage of the tracker, or in a range of || < 4.7, where the extension is based on the calorimeters
but not covered by the tracker. The AKS8 jets are restricted to p; > 200GeV and |n| < 2.4 or 2.5, depending on the
analysis, where the higher value in |5| has been used from 2017 on after the upgrade of the silicon pixel detector. Ideally,
their properties match those of the decaying resonance. In a first step, AK8 jets are used for the selection of events
of interest. In a second step, their specific properties are used to distinguish signal from background processes, based
on dedicated algorithms, as discussed below. To reduce the dependence of the related observables on PU, the pileup-
per-particle identification (PUPPI) algorithm [137,138] is applied to the AKS8 jets, weighting all PF candidates by their
probability to originate from the PV [139]. For AK4 jets the charged-hadron subtraction (CHS) technique, as described in
Refs. [132,138] is used. In addition, both AK4 and AKS jets are required to pass tight identification requirements [140] to
remove jets originating from calorimetric noise and track misreconstruction. Several properties of the selected jets are of
importance for the analyses described in this report and will be discussed in more detail in the following.

Identification of b jets. To identify jets resulting from the hadronization of b quarks (b jets) several strategies and tagging
algorithms are used, depending on the analysis. These comprise the DEEPCSV [141] and DEEPJET [141,142] algorithms,
which are applied either to AK4 jets or to the subjets of the selected AKS8 jet. The subjets are obtained with the soft
drop algorithm, where the Cambridge-Aachen algorithm [143,144] is reversed until the soft drop condition [145] is
fulfilled. The two resulting clusters are identified as subjets of the AK8 jet. Alternatively, the “double-b tagger” [141],
the DEEPAKS jet tagging [146], or the PARTICLENET [147] algorithms are used to identify AK8 jets that are consistent with
being initiated by two b quarks, a process referred to as “double-b tagging”. These algorithms usually result in a multiclass
output from which a suitable discriminant is built. This discriminant is used to distinguish AK8 jets produced from light-
flavor quarks or gluons versus AK8 jets from two near-collinear b quarks. All algorithms use secondary vertex and impact
parameter information, as well as the multiplicities and kinematic properties of the clustered PF candidates. The resonance
tagging algorithms are usually trained to be insensitive to the mass of the corresponding resonance. For all algorithms,
predefined working points corresponding to an expected b jet identification efficiency for a given misidentification rate
for jets initiated by light-flavor quarks or gluons, as defined in Ref. [148], are used, exhibiting efficiencies of 70%-90% for
misidentification rates of 1%-10%.

Mass of AK8 jets. The mass of the hadronically decaying boson resonance associated with an AK8 jet is estimated using the
“soft-drop” mass mgp [145], obtained with the soft-drop algorithm with an angular exponent 8 = 0, soft-cutoff threshold
Zot = 0.1, and characteristic radius Ry, = 0.8. The soft-drop algorithm is a generalization of the modified mass-drop
algorithm [149,150], which is identical to soft drop for § = 0. The reconstruction of mgp is tested and calibrated in
tt-enriched event selections, where the mass of hadronically decaying W bosons can be reconstructed with a resolution
of 10%.

Jet substructure. To exploit the substructure of a selected AKS jet, the ratio t,; = 1,/7; is used, where 7, and 7, are the 1-
and 2-subjettiness observables [ 151], respectively. The quantity 7,, takes lower values for jets originating from two-prong
V, H, or Y decays and larger values for one-prong jets initiated, e.g., by single quarks or gluons. However, a selection on
7,; alters the distribution in mgp, such that the monotonically falling distribution might feature a resonant structure after
selecting jets with a minimum value of t,,. This feature prevents typical background estimation methods from working
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for important background processes, like W+jets production [116]. To overcome this drawback, we use the “designing
decorrelated tagger” (DDT) procedure [152] leading to

2

m

o =1, +0.08log [ —2 ), (5)
Pt

where p; refers to the transverse momentum of the AK8 jet and u = 1GeV. A selection based on ‘L';DT does not alter

the distribution in mgp, such that the shape of this distribution can be derived from control regions (CRs) to estimate the
background from SM processes in signal regions (SRs).

Event observables. The two-dimensional vector in the x and y coordinates, pr' 5 describes the missing transverse
momentum and is computed as the negative p; sum of all PF candidates in the event [139]. The magnitude of p;

is referred to as prTmSS. It is used for the event selection and in the calculation of the transverse mass

my = \/ 2pp™ (1 — cos Ag), (6)

where A¢ refers to the azimuthal angular difference between the transverse momentum vector Pr of the visible decay
product of the particle whose transverse mass is to be estimated, and pr Depending on the analysis, sometimes the
PUPPI algorithm is used to mitigate PU effects on py . Alternatively, the quantity Hy = is used, defined as the magnitude
of the py sum of all AK4 jets with p; > 30GeV and || < 3.0. In the same context also the observable H; is used, which
corresponds to the scalar pr-sum of all selected AK4 jets. It indicates the overall magnitude of hadronic activity in an

event.

2.2.2. Leptons and photons

Electrons, muons, and photons. Electron candidates are reconstructed from matching clusters of energy deposits in
the ECAL with tracks, which are fitted to form hits in the tracker [153,154]. To increase their purity, reconstructed
electrons are required to pass a multivariate electron identification discriminant, which combines information on the track
quality, shower shape, and kinematic quantities [ 154]. Predefined working points corresponding to electron identification
efficiencies of 70%-90% and misidentification rates of 2%-15% are used. Energy deposits in the ECAL that are not linked
to any charged-particle trajectory associated with a pp collision are identified as photons.

Muons in an event are reconstructed by performing a simultaneous track fit to hits in the tracker and in the muon
chambers [155,156]. The presence of hits in the muon chambers already leads to a strong suppression of particles
misidentified as muons. Additional identification requirements on the track-fit quality and the compatibility of individual
track segments with the fitted track reduce the misidentification rate further.

The contributions from backgrounds to the electron and muon selections are usually further reduced by requiring the
corresponding lepton to be isolated from any hadronic activity in the detector. This property is quantified by an isolation

variable
(Z p;harged + max (0’ ZE{_leutral + ZE]}'/ _ p%’_U)) i (7)

¢ .
where p; corresponds to the measured electron or muon py. The variables Y~ pS"®¢, 5~ Ef**™ and 3" EJ are calculated

from the sum over p; or transverse energy E; of all charged particles, neutral hadrons, and photons, respectively. These
sums include all particles in a predefined cone of radius AR = Vv (Ar])2 + (Aqb)2 around the lepton direction at the PV,
where An and A¢ are the angular distances between the corresponding particle and the lepton in the n and azimuthal
¢ directions. The lepton itself is excluded from the calculation of I . Typical values for cone sizes are AR = 0.3 and 0.4
for electrons and muons, respectively. To mitigate effects from PU on I, only charged particles with tracks associated
with the PV are taken into account. Since for neutral hadrons and photons an unambiguous association with the PV or
PU is not possible, an estimate of the contribution from PU (p}") is subtracted from the sum of Y~ Ef and 3" E/. This
estimate is obtained from tracks not associated with the PV in the case of muons, and from the mean energy flow per
unit area in the case of electrons. If the sum is negative, the result is set to zero. The I selection threshold is optimized
for each analysis separately. If a lepton isolation requirement is imposed in an analysis, leptons failing this requirement
are not considered further.

Ley =

1
i
Dy

Hadronic < lepton decays. The reconstruction of hadronic t lepton decays (t},) starts from AK4 jets, further exploiting their
substructure with the hadrons-plus-strips algorithm [157]. This algorithm acts like a tagger, with different working points
as defined in [157]. The decays into one or three charged hadrons with up to two neutral pions with p; > 2.5 GeV are
used. The neutral pions are reconstructed as strips in the ECAL with a dynamic size in 1-¢ from reconstructed electrons
and photons contained in a jet, where the strip size varies as a function of the p; of the electron or photon candidate.
Electrons, which may emerge from photon conversions, are considered in the reconstruction of the strips. The t,, decay
mode is then obtained by combining the charged hadrons with the strips.

To distinguish 1, candidates from jets originating from the hadronization of quarks or gluons, and from electrons or
muons, the DEEPTAU (DT) algorithm [158] is used. This algorithm exploits basic tracking and clustering information in
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the tracker, ECAL, and HCAL, the kinematic and object-identification properties of both the PF candidates forming the
1, candidate and all remaining PF candidates in the vicinity of the 1, candidate, and several characterizing quantities of
the whole event. It results in a multiclassification output ygT, where @ = 1, jet, e, u. The output can be identified with a
Bayesian probability of the t, candidate to originate from a genuine t lepton decay, the hadronization of a quark or gluon,
an isolated electron, or an isolated muon. From this output three discriminants are built according to
DT
D Yz
i= pr, pr
Ve + Vi
For the identification of 1, candidates based on D; predefined working points with varying efficiencies for given misiden-
tification rates are used as described in Ref. [158]. For D;,, the efficiencies vary within 50%-70% for misidentification rates
of <0.5%. For D, and D,,, the efficiencies vary within 80%-99% for misidentification rates between 0.05 and 2.50%.

with i=jet,e,orp. (8)

2.3. Search for resonances in VH channels

Searches for VH resonances are optimized either for the mass range up to about 1TeV, motivated by neutral members
of an extended Higgs sector, or masses greater than 1TeV, where heavy vector bosons might be found. The latter case
corresponds to the boosted regime, where the V and H bosons are strongly Lorentz-boosted and dedicated reconstruction
and identification techniques are applied.

All searches presented in the following target the H — bb or H — tt decays. The V bosons are reconstructed either
through the leptonic decays W(¢v) [116], Z(££) or Z(vv) [114,115,117], or by the hadronic decays V(qq) [118]. Where
allowed by the signal signature, the trigger selection is based on the presence of a single high-py electron or muon within
the geometrical acceptance of || < 2.4(2.5) for electrons (muons), large py ", or large Hy'"". Also, dilepton triggers are
used. Otherwise, triggers based on the presence of high-p; AK4 jets or large values of H; are required. Offline, search
regions are defined by the presence of exactly one (1¢ category), two (2¢ category), or no (0¢ category) charged leptons.
This categorization ensures that the analyses are mutually exclusive, allowing for a combined statistical interpretation
subsequently to the completion of all analyses.

2.3.1. The sub-TeV mass region

The analyses searching for CP-odd Higgs bosons through their A — ZH decay, in the mass region below 1TeV, are
based on the 2016 data set. The H boson is reconstructed in the H — bb [115] and H — =zt [114] decay channels.

In the H — bb case, the two b jet candidates with the highest b tagging scores are selected to form the H boson
candidate. Both gluon-gluon fusion and b quark-associated production are considered. In the 0¢ category, which targets
decays of the Z boson into neutrinos, the mass of the A resonance cannot be reconstructed directly. In this case, its mass
is estimated by computing the transverse mass m;H using Eq. (6). It is calculated using pr"°° and the four-momentum
of the H boson candidate, and must be larger than 500 GeV, where triggers are fully efficient. The resulting efficiency for
signal events with m, < 500 GeV is small because the p; of the Z boson is not sufficient to produce a py > large enough
to pass this selection. Therefore, the sensitivity of the 0¢ category is significant only for large values of m,.

In the 2e and 2 categories, events are required to have at least two isolated electrons or muons within the detector’s
geometrical acceptance. The Z boson candidate is formed from the two highest p;, opposite-sign, same-flavor leptons, and
must have an invariant mass m,, between 70 and 110 GeV. The m,, selection lowers the contamination from tt dileptonic
decays and significantly reduces the contribution from Z — 1t decays. The A boson candidate is reconstructed from the
invariant mass my; of the Z and H boson candidates.

If the two jets originate from an H boson, their invariant mass is expected to peak close to 125 GeV. Events with a
dijet invariant mass m;; between 100 and 140 GeV enter the SRs; otherwise, if m;; < 400 GeV, they fall in the dijet mass
sidebands, which are used as CRs to estimate the contributions of the main backgrounds. The SRs are further divided by
the number of jets passing the b tagging requirement (1, 2, or at least 3 b tags). The 3 b tag category has been defined to
select the additional b quarks from b quark associated production. In this region, at least one additional jet, other than
the two used to reconstruct the H boson, has to pass the kinematic selections and b tagging requirements. Comparisons
between data and background predictions, together with examples for signal distributions are shown in Fig. 13 in the 2
b tag SR for the 0¢ and 2¢ categories. The data are well described by the backgrounds expected from SM processes. The
0¢ and 2¢ categories can be combined using the known branching fractions of the Z boson.

In the H — 1t case, only the dielectron and dimuon decays of the Z boson are used. For the H boson reconstruction,
the ety, uty, ey, and 7,7, topologies are considered. The leptons associated with the H boson decay are required to have
opposite signs. In case of the et;, uty, and ep decay channels, tighter selection criteria are applied to the light leptons to
decrease the background contributions from Z+jets and other reducible backgrounds. These four H — tt decay patterns
are combined with the Z boson decays into two light leptons, i.e., Z — €£ with £ = e, y, resulting in eight distinct final
states of the A boson decay.

The mass resolution of the reconstructed A boson candidate can be significantly improved by accounting for the
neutrinos associated with the leptonic and hadronic © decays. We use the svrIT algorithm [159] to estimate the mass

of the H boson, denoted as m™. The svrrT algorithm combines the p™* with the four-vectors of both t candidates (e,
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Source: Figure from Ref. [115].

)/o in each bin, where o refers to the statistical uncertainty in the given bin.

W, or 1), resulting in an improved estimate of the four-vector of the H boson, which is further improved by giving the
measured mass of the Higgs boson (125 GeV) as an input to the svFIT algorithm. This yields a constrained estimate of the
four-vector of the H boson, which results in an even more precise estimate of the A boson candidate mass, denoted as
My,... The resolution of my,.. is as good as 3% at 300 GeV, which improves the expected 95% CL model-independent limits

by approximately 40% compared to using the visible mass of the A boson m‘g'i,fﬂ as the discriminating variable.
The resulting distribution in mj,.., summed over all eight categories, is shown in Fig. 14, together with the expected
signal shape for m, = 300 GeV. No excess above the SM background expectation is observed in the data.

2.3.2. The high-mass region: leptonic V boson decays

In the high-mass analyses targeting leptonic V boson decays, the presence of an isolated electron with p; > 115 GeV
and |n| < 2.4 or muon with p; > 55GeV and |n| < 2.5 is required. The high p; thresholds are imposed to guarantee a
sufficiently high selection efficiency at the trigger level. )

‘For W(£v) decays, this selection is complemented by the requirement of pr>° > 80GeV in the electron channel and
pr>° > 40GeV in the muon channel. Events with additional leptons fulfilling looser selection criteria are discarded from
the selection. To reconstruct a W(£v) boson candidate, the p;"> is used as an estimate of the p; of the neutrino. The
longitudinal component p, of the neutrino momentum is estimated by imposing the constraint that the mass of the
system formed from the selected lepton and the neutrino should equal my,. This leads to a quadratic equation in p,, of
which the solution with the smallest magnitude is chosen. When no real solution is found, only the real part of the two
complex solutions is considered.

For Z(£¢) decays, a second lepton with the same flavor and 7 range as the first lepton, and p; > 20 GeV is required.
The system formed by the two leptons is used to reconstruct the Z boson candidate. It must have p? > 200GeV and
70 < my, < 110GeV. The window in m,, has not been chosen tighter, since a narrowing would reduce the signal
efficiency while not improving the relation of the signal to the main background from Z+jets events. In all cases, all
leptons are required to have a large enough distance in AR to any AK4 jet. For the Z(vv) channel, the absence of leptons
and a value of p7>° > 250 GeV are required.

In addition to the identification of the reconstructed objects forming the V boson candidate, all events are required to
have an AKS8 jet with p; > 200GeV and |n| < 2.4 [116] or 2.5 [117]. In the case that more than one AKS jet is found in
an event, the leading one in py is interpreted to originate from the H — bb decay, hence referred to as the H candidate.

In the W(£v) channel [116], the H candidate is required to have a distance of AR > 7 /2 from the selected lepton and
a distance larger than 2 in A¢ from both p; and the W(£v) candidate. Furthermore, it is required to have a value of
TZD]DT < 0.8. All accepted events are assigned to 24 high-purity (HP) and low-purity (LP) event categories according to the

flavor of the selected lepton (e or ), the value of the double-b-tagger output of the H candidate, the distance between the
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W(£v) and the H candidate in rapidity |Ay| < 1 (LDy) or |Ay| > 1 (HDy), a tightened requirement of rﬁm < 0.5 (defining

the HP and LP categories), and a VBF tag requiring the pseudorapidity difference of the two VBF jets |An| > 4 and the dijet
mass larger than 500 GeV. The VBF tag is imposed to increase the sensitivity of the search to the production of the VH
system through VBF. The categorization in Ay is imposed to tag different spin hypotheses for X. A two-dimensional (2D)
discriminant composed of mg, of the H candidate and an estimate of my obtained from the four-vectors of the H and the
W (£v) candidates is used for the final signal extraction in these categories. We note that this analysis is not restricted to
the VH process, which is the subject of this report, but extends towards VV final states as well. The data are interpreted
under both signal hypotheses each time considering all event categories, including those enriched and depleted in VH
and VV by the value of the double-b tagger of the H candidate.

Distributions of mgp and the reconstructed my in the event category with a selected muon, rzD]DT < 0.5, double-b
tag, and |Ay| > 1 are shown in Fig. 15. The background processes are split into two categories: (i) processes exhibiting
resonant structures close to the t quark and/or V boson mass in mg, (W + V/t), comprising tt, single-t quark, and
diboson production, and (ii) processes without resonant structure in the mgy distribution, dominated by W +jets events.
All backgrounds are characterized by a falling spectrum in my. These are estimated with the help of simulation, where
the smoothness of the background shape is ensured by using conditional probability density functions in mg, and the
reconstructed my, as detailed in Ref. [116].

In the Z(£¢) channel, the H candidate is required to have a distance of AR > 0.8 from each selected lepton. For the
Z(vv) channel AR(p; >, H) > 2 and a ratio of p}mss/ﬁl > 0.6 are required. Finally, the value of mgy of the H candidate is
required to lie within 105 < mgy < 135 GeV, compatible with my;. The DEEPCSV algorithm is applied to the two subjets
of the AKS8 jet with the highest p;. All remaining events are assigned to 12 event categories based on the flavor of the
selected leptons (up, ee, or vv), the number of b-tagged subjets of the H candidate (<1, or 2), and a VBF tag identical
to the one defined above. The signal is extracted in the Z(££) channel from the distribution in my, obtained from the

= miss

four-vectors of the H and the Z candidates. In the Z(vv) channel the variable my, as obtained from f)? and p; , is chosen.
Distributions of mgp, my, and m; in the pp and vv event categories with two b-tagged subjets, and no VBF tag are shown
in Fig. 16. The dominant background in this search is from Z+jets events, which is estimated from data using low-mass
(LSB) and high-mass (HSB) CRs in mgp. A veto region with 65 < mgy < 105 GeV is excluded from the CRs to minimize
the event overlap with dedicated searches in the VV decay channel [160-162]. Minor backgrounds originate from tt,
single t quark, and SM VH production. In all cases, analytical functions are fitted to the observed distributions in my in
the LSB and HSB CRs, where the functions are predefined with the help of simulation. For the minor backgrounds from
diboson (including VH) production these functions are purely determined from simulation. For tt production and for the
dominating background from Z+jets events, these are fitted to the data in dedicated sideband regions, after subtracting
the estimates of the minor backgrounds in these regions. The functions are then extrapolated to the SR through transfer
functions, which have been obtained from simulation. This method has been validated with slightly modified sideband
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Source: Figures from Ref. [116].

definitions providing independent control regions close to the SRs. Several functional forms have been tested and a bias
test has been conducted to ensure that the method is capable of describing the data in the validation regions and that no
spurious signal may emerge this way.

2.3.3. The high-mass region: hadronic V boson decays

In the high-mass analysis targeting hadronic V boson decays [118], the presence of two AK8 jets with p; > 200 GeV and
[n| < 2.5 is required. In cases where more than two AK8 jets are found in an event, the leading ones in p; are interpreted
to originate from the V.— qq and H — bb decays. To guarantee an efficiency of >99% of the trigger selection, the
invariant mass of the selected AK8 jets is required to be larger than mf}Ks > 1250 GeV. Furthermore, the jets are required
to have a distance AR > 0.8 from any reconstructed electron or muon with p; > 20 or 30 GeV satisfying identification
criteria optimized for high-momentum leptons, respectively.

To reduce the background from events with purely QCD-induced light-quark and gluon jets, referred to as QCD multijet
production in the following, the selected AK8 jets are required to be separated by no more than |Anj‘3-“<8| < 1.3.In addition,

55 < mgp < 215GeV and a loose requirement of

p = log(mép/p) < 1.8 9)

are imposed. The requirement on p is imposed to prevent high values for mgy while the p; of the AKS8 jet is low. In those
cases, the cone size of AR = 0.8 is too small to contain the full jet, affecting both the mgp resolution and the efficiency
to assign each AK8 jet to a W, Z, or H boson.

The DEePAKS jet tagging algorithm [146] is used to identify AK8 jets originating from a W, Z, or H boson. The algorithm
consists of a staggered two-step deep neural network (NN) architecture, based on the properties of the clustered PF
candidates, such as the pr, charge, and angular distance to the jet axis, as well as track and secondary vertex information.
The latter is used to infer whether a jet contains heavy-quark decays or not. The input features of both, the PF candidates
and the secondary vertices and tracks are processed in two independent convolutional NNs. The outputs of these NNs are
passed to a third, fully connected deep NN (DNN) to assign a jet to one of the following classes: single quark or gluon, W
boson decaying to cq or qq, and H or Z boson, each decaying into bb, cc, or light flavor quarks. For the reported analysis
two discriminants are of relevance, both discriminating between signal jets and jets from single quarks or gluons. A qq
discriminant is built to identify the decay of a W or Z boson into light quarks, and a bb discriminant is built to identify
the H and Z boson decays into bb.

The strategy of the search is to distinguish the signal, which is peaking in three distributions, namely mg, of each
selected AK8 jet and the dijet mass of the two AKS jets mﬁKs, from the considered backgrounds that exhibit a smoothly
falling spectrum in at least one of these observables. To guarantee that the mg distributions of the considered background
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Fig. 16. Search for X — VH(bb): Distributions of (left) the jet soft drop mass of a boosted Higgs boson candidate, labeled m;y;, and (right) the mass

or transverse mass of the X resonance candidate, labeled my and mg(, respectively, in the z(££)H(bb) (upper) and Z(vv)H(bb) channels (lower).
The shaded area depicts a veto region excluded from the analysis to minimize the event overlap with dedicated searches in the Vv decay channel.
Source: Figures from Ref. [117].

processes are not kinematically biased by the selection based on the DEEPAKS tagger, an adversarial training of the NNs is
performed that leads to a reduced correlation between mg, and the output of the tagger [146]. The remaining correlations
are further suppressed by a DDT method [152] applied on the tagger output. Eventually, the selection of the output of the
DEEPAKS tagger is chosen such that it yields a constant tagging rate as a function of p; and mgp for the quark or gluon
jets with the highest p; in QCD multijet production, based on simulation.

The qq tagging efficiency, and the probability of hadronic t+ quark decays to be misidentified by the qq tagger are
calibrated in a tt event selection enriched in hadronic W boson decays. The bb discriminant is calibrated in an event
sample enriched with jets from g — bb splitting using a double-muon tag, as described in Ref. [141].

To increase the sensitivity of the search after selection, all remaining events are assigned to one of 10 mutually
exclusive event categories based on a VBF tag and the outputs of the qq and bb discriminants from each of the selected
AK8 jets. The VBF tag is defined by requiring at least two AK4 jets with py > 30GeV and |5| < 5.0 that do not overlap
with the selected AK8 jets within AR < 1.2. For the two AK4 jets, which are leading in pr, m;; > 800 GeV and a separation
of |[An| > 4.5 are required. The event categories target VV and VH decays.

Distributions of mgp, and mj; %8 in the non-VBF VH event category, where one of the selected AKS8 jets (the V candidate)
exhibits a high-purity cla551ﬁcation score in the qq discriminant, while the other one (the H candidate) exhibits a high
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styles. The signal of a z' boson with a mass of 3TeV decaying via Z — qq and H — bb is also shown, by a green filled histogram.
Source: Figure from Ref. [118].

purity classification score in the bb discriminant, are shown in Fig. 17. To simplify the modeling of the three-dimensional
(3D AK8 mjsﬁ; ! mJS% 2 ) shapes, the assignment of AK8 jets to “Jet 1” and “Jet 2" is performed randomly, so that both mg,
dlstrlbutlons exhibit the same shape. The largest background originates from QCD multijet production, which is estimated
from a parametric functional form obtained through a forward-folding technique applied to a set of simulated samples
at the level of stable particles [163]. This functional form can be constrained through nuisance parameters attached to
physics-motivated alternative shapes. All other processes are obtained from simulation. The production of tt events is
expected to contribute 40%, the expected background from W+jets and Z+jets production amounts to up to 4% of the
selected events. Backgrounds from single t quark and diboson production are expected to contribute less than 1.5%.
While all backgrounds are nonresonant in mﬁKs, some exhibit one or two resonant structures at different values in the
mgp distribution of only one or both AK8 jets. The signal is obtained from analytic functional forms as in the case of the
analyses described in Section 2.3.2.

2.4. Search for resonances in the HH channel

This section describes searches for resonances decaying into two H bosons with a mass of 125 GeV. Various further
decay mode combinations are covered by the more general searches in the X — YH analyses, and are discussed in
Section 2.5.

24.1. The X — H(bb)H(W W) decay in resolved jet topology

For a pair of Higgs bosons, the bbW W decay channel has the second-largest branching fraction of all HH decay modes,
of about 24%. The analysis described in this section focuses on the single lepton (SL) bbfvqq and dilepton (DL) bblvlv
final states [119].

The data have been collected with a combination of single- and double-lepton triggers. The event selection requires
one or two isolated leptons, in the second case with opposite signs. The analysis considers H — bb in both resolved and
merged jet topologies, and requires suitable numbers of AK4 and AK8 jets. Jets associated with the H — bb candidate are
b tagged by passing the medium working point of the DEEPJET algorithm [142] in the AK4 case, or the medium working
point of the DEEPCSV algorithm [141] in case of AK8 subjets.

The selection vetoes pairs of leptons, which according to their invariant mass are likely to originate from quarkonia or
Z boson decays. Overlap with events selected by the analysis in the bbtt channel (discussed in Section 2.5.1) is removed
by vetoing events containing at least one t,, candidate passing the selection described in Ref. [122].

The events are classified into processes based on the output of multiclass deep neural networks (DNNs), separately
trained for the SL and DL cases. The DNNs feature output nodes for a number of backgrounds and one signal node. The
DNNs are trained on all signal samples; they are parameterized in the nominal signal mass and contain five background
nodes for the SL and seven for the DL category. Depending on the highest scoring node, events are subdivided into
signal and background categories. The network inputs include a number of high-level features, such as invariant masses
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and the hadronic activity of the event, but in addition also the output of a Lorentz-boost network [164] performing
automated feature engineering based on the four-momenta of selected leptons and jets. Due to similarity of the DNN
score distributions for various background classes, they are merged into process groups prior to the signal extraction.

The signal categories are further divided into subcategories according to the b jet topology and multiplicity, referred to
as resolved 1b, resolved 2b, and merged. The merged jet subcategories are excluded in the HH combination (Section 2.6) as
they would overlap with the analysis described in Section 2.4.2. Background contributions dominantly originating from tt
production are estimated from simulation, with two exceptions: contributions arising from jets misidentified as leptons
are estimated with the misidentification-factor method [165], while the DY background is addressed with a different
method using the Ob CR in data and transfer factors determined in the Z boson peak region.

In the SL case, the signal extraction is performed by a simultaneous maximum likelihood fit to the distributions of the
DNN outputs of the signal and the background process groups. In the DL case, the DNN output of the signal category is
combined into an unrolled 2D variable with the output of a heavy-mass estimator (HME) [166], a variable that estimates
the most likely invariant mass of the HH system considering the presence of two neutrinos and the p;"°° measurement.

Examples of the signal extraction are shown in Fig. 18. The distribution in the DNN score (SL case) and the unrolled
combination of the DNN score and the HME bin (DL case) are shown for the SR for the three event categories, for an
assumed resonance mass of my = 400 GeV. The signal expected for a radion of this mass with a cross section of 1 pb is
also displayed. The observed distributions agree well with the expectation from SM backgrounds and no significant signal
is observed.

2.4.2. The X — H(bb)H(W W) decay in merged-jet topology

This study extends the search in the bbWW channel towards higher X masses [120]. As in Section 2.4.1, the SL selection
targets the HH — bbWW — bblvqq decay mode. The DL selection covers both the HH — bbWW — bb{v{v and
the HH — bbtt — bbfvvelvv decay modes, and the latter comprises 30%-35% of the total expected DL signal yield. As
this analysis targets resonance masses of my > 0.8 TeV, the H bosons emerge with a large Lorentz boost with respect to
the laboratory rest frame, and their decay products are contained in collimated cones. For this reason, the hadronically
decaying H and W bosons are each reconstructed with a single AKS jet.

The signal is searched for in the two-dimensional distribution in the (m,,,,, myy ) mass plane, hence the kinematics of
both Higgs boson candidates need to be reconstructed.

In the SL final state, the highest p; lepton in the event is selected as the lepton candidate from the leptonic W decay.
The W(qq) decay is reconstructed with a high-p; AK8 jet. The AK8 jet nearest to the lepton satisfying AR < 1.2 is taken
to be the W candidate. The H — WW decay chain is reconstructed using a likelihood-based technique, which provides
an estimate of the neutrino momentum vector and also a correction to the p; of the W(qq) candidate jet.

In the DL final state, two opposite-sign light leptons with the highest p; are taken to be the leptons arising from
the H - WW decay. Due to the collimation of the Higgs boson decay products, the polar angles of the dineutrino and
dilepton systems can be assumed to be the same. Using this assumption, and by approximating the invariant mass of the
two neutrinos with its expected mean value of 55 GeV, the sum of the four-momenta of the two neutrinos is estimated
using py . These assumptions are guided by simulation studies. The leptons are required to be close by satisfying AR < 1,
and their invariant mass is required to be in the range of 6-75 GeV to reduce contamination from DY production. Events
are required to have large py ", pointing in approximately the same direction in the transverse plane as the dilepton
system, satisfying A¢ < /2.

In all considered final states, the H — bb decay is reconstructed as a single AK8 jet with two-prong substructure and
high p;. The double-b tagging is performed with the DEEPAKS algorithm. The SR is defined by requiring mgp, of the H — bb
candidate to be within 30-210 GeV. This allows us to also capture the neighboring background, which is important for
the signal extraction described below. Events containing any b-tagged AK4 jets outside the H — bb candidate AKS8 jet
are vetoed, as they are likely to arise from tt production.

Events with the production of one or more top quarks constitute the majority of the background, where particles from
a hadronic top quark decay are captured in the H — bb candidate jet, particularly in the SL final state. The invariant
mass distributions of such backgrounds may resonate in m,, myy, or neither, depending on which daughter partons are
captured, and the backgrounds are classified accordingly. Events originating from other processes, primarily from W +jets
and QCD multijet production in the SL channel and DY production in the DL channel, are taken as a separate component.

Events are divided into twelve categories according to the lepton flavor, the purity of the H — bb flavor tagging,
and, for the SL final states, the purity of the H — WW decay reconstruction. Results are extracted by performing a
maximum likelihood fit in the 2D (m,,,,, myy ) mass plane. The background-only model is found to describe the observed
distributions well. The distributions of events projected into my for two selected categories in SL and DL final states
are shown in Fig. 19. In both cases high purity of the H — bb flavor tagging (bT) is required. The chosen SL category
is further characterized by a muon and a low purity (LP) requirement of the H — WW decay reconstruction. The DL
category is characterized by different flavors.
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Fig. 18. Search for X — H(bb)H(W W ): Distributions of the DNN output for events in the signal nodes of the (upper) SL and (lower) DL categories
of the H(bb)H(W W) analysis based on merged and resolved jets [119]. The distributions for a signal of a resonant radion with a mass of 400 GeV
are also shown, by open red histograms.

Source: Figure from Ref. [119].

2.4.3. The X — HH decays into multilepton final states

The analysis of multilepton final states [121] does not assume at least one H — bb decay, unlike all other HH
analyses discussed in this report, and thus gains access to various hitherto uncovered HH signatures. This search is
focused on resonant HH production in the WWWW, WW+t, and tttt decay modes. The chosen final states provide a good
compromise between a relatively large HH branching fraction and a clean leptonic event signature. The latter provides
a series of almost background-free categories with low event counts, which are especially sensitive at low resonance
masses. The data are collected using triggers combining single and multiple lepton and r,, signatures.

The selected events are split into seven event categories with different multiplicities of reconstructed leptons and
hadronically decaying taus, denoted as 2¢ss (same sign), 3¢, 4¢, 3¢ + 11, 2¢ + 27y, 1€ + 31y, and 4t,,. The lower
multiplicity 2¢ss and 3¢ categories also require additional jets, as expected from hadronic W boson decays. To reduce
the impact of backgrounds involving the decay of top quarks, such as tt production, and to avoid overlap with other HH
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blue histograms.

Source: Figure from Ref. [120].

analyses, events with b jets identified with the DEEPJET algorithm [142] are explicitly vetoed. Similarly, events with two
opposite-sign same-flavor lepton pairs and a combined invariant mass below 140 GeV are vetoed to avoid overlap with
the HH — bbZZ signature, the analysis of which is not included in this Report. To exclude phase space regions enriched
in low mass resonances, which are not well modeled in simulation, and to reduce the impact of backgrounds involving Z
boson decays, events containing DL pairs with a mass of m,, < 12 GeV or in the vicinity of the Z boson mass are vetoed
as well.

The main backgrounds arise from genuine multiboson processes, such as ZZ production in all categories, as well as
WZ production in the 2¢ss and 3¢ categories. These backgrounds, as well as smaller backgrounds, such as contributions
from DY, tt, and single H production together with backgrounds from photon conversions in the detector material are
estimated from the simulation. Background events from charge misidentification in the 2¢ss category, however, are also
estimated from data extrapolating events with opposite-sign electrons from Z — ee decays into the SR. In most categories,
backgrounds arising from jets misidentified as either leptons or t;, also play an important role; these are estimated with
the misidentification-rate factor method [165].

The signal extraction is based on maximum likelihood fits to the distributions of boosted decision tree (BDT)
discriminants. The BDTs are trained to discriminate signal from background in each of the seven categories and for each
resonance spin assumption (spin 0 or 2). The BDTs are parameterized in the nominal resonance mass.

The selection of BDT input variables is optimized for each signal category, and includes kinematic variables of £ and 1,
candidates as well as angular separations and invariant masses of their combinations. Also, the reconstructed HH mass is
used. The fits also include two kinematic distributions in control regions enriched in the dominant prompt backgrounds
from ZZ and WZ production.

As an example of the SR composition, Fig. 20 shows the BDT output in the two highest signal yield categories 2¢ss
and 3¢ for a spin-2 particle with my = 750GeV. A small excess is observed in the rightmost bin of both distributions,
amounting to a local significance of about 2.1 standard deviations in both categories. This leads to a mild local excess
of the observed limits corresponding to about 1.5-2 standard deviations for masses above 600 GeV, which is visible in
Fig. 27.

2.5. Search for resonances in the YH channel

Recently, direct searches for new physics in the Higgs sector have been extended towards YH decays, where Y denotes
another unknown bosonic resonance. Such decays are expected, e.g., in 2HDM+S models like the NMSSM, where X and
Y can be identified with additional heavy or light Higgs bosons. In cases where Y carries a large singlet component its
couplings to SM particles are suppressed and its dominant production at the LHC proceeds via the decay X — YH.
The first analysis presenting such a search was performed in Y(bb)H(tt) final states [122], covering mass ranges of
260 < my < 3000GeV and 60 < my < 2800 GeV. Later on, this analysis was complemented by similar searches in
the Y(bb)H(bb) [124] and Y (bb)H(yy) [123] final states. The search in the Y (bb)H(bb) final state covers mass ranges of
900 < my < 4000GeV and 60 < my < 600 GeV, targeting kinematic regimes where both bb decays are reconstructed
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Fig. 20. Search for X — HH in multi-lepton final states: Distributions of the BDT classifier output for events in the (left) 2¢ss and (right) 3¢
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Source: Figure from Ref. [121].

as large-R AK8 jets. The Y(bb)H(yy) analysis covers mass ranges of 300 < my < 1000GeV and 90 < my, < 800 GeV,
where the upper bound on my is implied by the requirement that it should be possible to resolve the b quarks originating
from the Y decay as two distinct AK4 jets. All final states have the Y(bb) decay in common. The H(bb) decay utilizes
the large branching fraction of the H boson to b quarks; the H(tt) decay comprises the second largest branching fraction
with advantageous reconstruction and identification properties; the H(yy) decay contributes through the excellent mass
resolution of the ECAL.

2.5.1. The X — Y(bb)H(zt) decays

The analysis in Y (bb)H(zt) final states [122] evolved from an analysis of H — 1t [167], adding loose requirements on
the Y — bb decay where the b quarks are reconstructed as AK4 jets. For the H(tt) decay the ety, pty,, and 1, 1), final states
are considered. These final states have been shown to have the largest sensitivity to this signature, while the contribution
from tt decays into an e and u, mostly due to the large background from tt production in the kinematic phase space with
additionally selected b jets is marginal.

The trigger selection of the events proceeds via the presence of high-p; electrons, muons, or t, decays, or combinations
of those at the trigger level. Due to the trigger requirements evolving with time, the offline p; thresholds range from 25-
33 GeV for electrons, from 20-25 GeV for muons, and from 30-40 GeV for 1, candidates, the latter depending also on the
1t final state. The 1, candidates are identified using the DEEPTAU algorithm [158], as discussed in Section 2.2. Jets are b
tagged using the DEEPJET algorithm, with a working point of 80% efficiency with a misidentification rate for light-flavor
or gluon jets of ~1% [141,142]. For the event selection, a tt pair in one of the targeted <z final states and at least one b
jet are required. Events that contain only one b jet and no other jet are discarded from the analysis. If more than two b
jets are found, the Y(bb) decay is built from those jets that are leading in p;. If only one b jet exists, the Y candidate is
built from this b jet and the jet with the highest b jet score of the DEEPJET algorithm, even if this lies below the threshold
of the chosen working point. The energies of the jets used to form the Y candidate are corrected using the multivariate
energy-momentum regression [ 168].

Depending on the 7 final state, all selected events are then passed through one of three NNs exploiting multiclass
classification to distinguish signal, for given values of my and m,, from four background classes: (i) events with genuine
< pairs in the final state; (ii) events with quark- or gluon-induced jets misidentified as t;, candidates; (iii) tt events where
the intermediate W bosons in the decay chain decays into any combination of electrons and muons or into a single t
lepton and an electron or muon (not included in (i) or (ii)); (iv) events from remaining background processes that are of
minor importance for the analysis and not yet included in any of the previous classes. This last class comprises single H,
single t quark, and diboson production, as well as Z boson decays into electrons or muons. For single H production, rates
and branching fractions as predicted by the SM are assumed.

Inputs to the NNs are 20-25 features, of which the following have been identified to be most discriminating, according
to an unambiguous metric as given in Ref. [169]: the invariant masses of the bb, tt, and bbtt systems, and the Xz—value
of a kinematic fit to the data of the signal hypothesis for given values of my and my . Since the discrimination depends
on the signal hypothesis, individual NNs have been trained for 68 groups of kinematically adjacent and similar signal
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Fig. 21. Search for X — Y(bb)H(tt): Distributions of the NN output scores y;, in different event categories after NN classification, based on a training
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to the data. In the lower panels of the figures the (left) purity and (right) fraction of the expected signal over background yields for a signal with
a cross section of 200fb, as well as the ratio of the obtained yields in data over the expectation based on only the background model, are shown.
Source: Figure from Ref. [122].

hypotheses. Each event has been assigned to the class with the highest NN output score. Eventually, the NN output scores
have been chosen as discriminating variables for a maximum likelihood fit in 45 individual event categories, split by tt
final state and data-taking year. Typical output distributions are shown in Fig. 21.

2.5.2. The X — Y(bb)H(yy) decays

As in the previous case, the analysis in the Y(bb)H(yy) final state [123] starts from the well-identified H — yy decay
complemented by the selection of two additional AK4 jets to form the Y(bb) candidate.

The trigger selection proceeds through the requirement of two photons with thresholds of p; > 30 GeV for the leading
(v;) and pr > 18 GeV for the subleading (y,) photon in pr, for data taken in 2016. For data taken in the years 2017-2018,
the requirement on vy, is raised to p; > 22 GeV because of the larger amount of PU in data. The photons are required to
pass identification and isolation criteria, already through the trigger selection, and the mass of the two photons is required
to be m,, > 90 GeV.

In the offline selection, the photons from which the H candidate is formed are required to be well contained in the
ECAL and tracker fiducial volumes of |n| < 2.5, excluding the transition region of 1.44 < |n| < 1.57 between the ECAL
barrel and endcaps, and to fulfill kinematic requirements of 100 < m,, < 180 GeV, pp/mw > 1/3, and p?/mYY > 1/4.
In addition to the photons at least two AK4 jets originating from the same PV as the photons are required, where the
assignment of the photons to the PV is achieved with the help of an MVA technique, as described in Ref. [170]. The jets
must fulfill identification requirements as described in Section 2.2, have p;y > 25GeV and |n| < 2.4 or 2.5, for the data
taken in 2016 and 2017-2018, respectively, and be separated from each of the selected photons by AR > 0.4. Of all jets
in an event that match these criteria, those with the highest sum of their DEEPJET discriminant scores are chosen to form
the Y candidate with a requirement on the dijet mass of 70 < m;; < 1200 GeV. The lower bound on m;; is implied by the
kinematic turn-on in the m;; distribution, the upper bound is defined by the transition towards Lorentz-boosted regimes,
where the bb system may not be resolved by two spatially separated AK4 jets.

The X candidate is reconstructed from the jets and photons forming the H and Y candidates. To improve the resolution,
its mass my is estimated from

My = My — (mvv - mH) - (mjj - mY) ’ (10)
where m,,;; is the mass calculated from the two jets and the two photons. It is corrected by subtracting m,, and my;, with
their values replaced by the nominal values of the masses my and my,. This estimate has been shown to lead to a 30 to
90% improvement in signal resolution compared to m,,; alone, in the high- and low-my regimes, respectively. For the
signal extraction, events are required to be located inside a window in iy, depending on the my hypothesis under test.
The width of this window has been defined such that it contains at least 60% of the signal.
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Source: Figure from Ref. [123].

Resonant backgrounds to the analysis originate from single H production, which is strongly suppressed already by the
selection in my. For hypotheses of my < 550GeV a sizeable contribution from ttH production is further reduced by an
NN-based discriminant developed for the search for nonresonant H(yy)H(bb) production [171], exploiting the decays of
W bosons arising from the tt decay chains.

Nonresonant backgrounds in this search mostly originate from the production of one (y+jets) and two (yy+jets) photons
in association with jets. To separate these backgrounds from the signal a BDT with three output classes, one for each
background and one for signal, and 22 input features is used. The input features comprise kinematic and identification
observables of the selected jets and photons, estimates of the mass, energy, and p; resolutions, and an estimate of the
pr density from PU. For training, six exclusive kinematic regions are defined, based on the hypothesized values of my
and my,, where in each region all contained signal samples and the two background processes in question, as obtained
from simulation, are used with equal weight. These training regions are defined to resemble similar kinematic properties
for signals inside the given my-my window. For each kinematic region, three event categories are defined, based on
the output of the corresponding BDT. These categories are introduced to indicate regimes of varying signal purity. For
each my hypothesis the signal is inferred from an unbinned likelihood fit of a parametric model to the data in the 2D
discriminating distributions given by the values of m,, and my, in each of the BDT categories. The data are found to be
compatible with the SM predictions. In Fig. 22 the marginal distributions of m,, and m;; in the BDT category with the
highest expected signal purity for a selection corresponding to my = 650GeV and m,, = 90 GeV, are shown together
with the results of the fit to the data. For these mass values, the largest deviation from the background-only hypothesis is
observed, with a local (global) significance of 3.8 (below 2.8) standard deviations. A hypothesized signal for my = 650 GeV
and my = 90 GeV with an arbitrary normalization is also shown.

2.5.3. The X — Y(bb)H(bb) decays in merged jet topology

This analysis in the Y (bb)H(bb) final state [124] explicitly targets ranges in my and m,, where both, the Y(bb) and
H(bb) decays can be reconstructed with AK8 jets, as described in Section 2.2.

The trigger selection proceeds through a logical OR of a mixture of trigger paths requiring the presence of high-p; AK8
jets, large values of Hy, or combinations of those. In addition, b tagging requirements and a requirement on the mass
of the two leading jets, in cases where more than one AK8 jet is present in an event, are imposed. This setup aims at
a trigger efficiency close to 100% for the offline selected events. Residual corrections to the trigger efficiency have been
derived from CRs. These corrections usually range below 5%.

In the offline selection, the events are required to contain at least two AKS8 jets with p; > 350GeV and |5| < 2.4
for the data taken in 2016 and p; > 400GeV and |n| < 2.5 for data taken in 2017-2018. The dominant backgrounds
for this analysis arise from tt production in the all-hadronic decay of the intermediate W bosons and QCD multijet
production. To further suppress the latter an additional pairwise requirement of |An| < 1.3 for the selected AKS8 jets
is imposed. Eventually the two leading jets in p; are identified as the H and Y candidates, where requirements of
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Fig. 23. Search for X — Y(bb)H(bb): Distributions of the (left) soft-drop mass of the boosted Y candidate, labeled MJY, and (right) the dijet mass
of the Y and H candidates, Mj;, in the high-purity SR of the Y (bb)H(bb) analysis with two merged bb jets [124]. The distributions as expected

for signals with three different values of my and my, (labeled M™ and MY) are also shown. In the lower panels the statistical pull in each bin is
displayed.
Source: Figure from Ref. [124].

110 < mgp < 140 GeV for the H candidate and mgp > 60 GeV for the Y candidate are imposed. When both AKS jets satisfy
the first mass requirement, the Y jet is chosen at random. The H and Y candidates are then passed to the PARTICLENET
algorithm [147] to discriminate the decays of a boosted resonance, H(bb) or Y(bb), from light-flavor quark or gluon jets.

Based on the output of the PARTICLENET algorithm for each of the AKS jets, a loose and a tight SR, with varying expected
signal purity, are defined. In addition, corresponding sideband regions for the estimation of the background from QCD
multijet production and a series of regions to validate this background estimate are constructed. The background from tt
production is estimated from simulation and monitored in a dedicated CR in data, obtained from a selection of either an
isolated electron or muon with p; > 40GeV and |5| < 2.4, and an AK4 jet tagged as a b jet with the DEgPJET algorithm,
with a distance of AR < 1.5 from the selected lepton. For this purpose, a working point of the DEEPJET algorithm with an

efficiency of 90% with a misidentification rate of ~10% has been chosen. In addition, requirements of py > > 60 GeV and

H; > 500 GeV are imposed. The lepton, p1°, and the b-tagged jet provide the signature of a leptonically decaying t quark.
A hadronically decaying t quark candidate is reconstructed from an AK8 jet fulfilling the same kinematic requirement as in
the SR and mg > 60 GeV. In addition the selected AK8 jet must have a distance of AR > 2 from the selected lepton. This
selection reaches a purity in tt events of greater than 90%. The signal is obtained from a fit of the signal and background
models to the observed 2D distribution in the (m]Y, my;) plane, where m]Y is the soft-drop mass of the Y boson candidate,
and my; is the invariant mass of the H and Y boson candidates. The loose and tight SRs are fit jointly with the corresponding

CRs that constrain the QCD multijet and tt backgrounds. Distributions in mJY and my; in the high-purity signal region are
shown in Fig. 23.

2.6. Statistical combination

Combinations are performed based on the HH and YH decay channels presented in this report, and the results will
be presented in Section 3. A combination of VH decay channels is foreseen at a later date as various analyses are still
ongoing. The combination is performed by integrating the signal extraction procedures of the respective decay channels
into a combined likelihood analysis determining a single combined signal strength. In the HH case, this combined signal
strength measures the product o(pp — X)B(X — HH). It is linked to the signal strength in each individual HH decay
mode combination by the product of the corresponding H branching fractions, where the SM values for a Higgs boson
with my = 125GeV are used. In the YH case, the combined signal strength measures the product o(pp — X)B(X —
YH)B(Y — bb). It is connected to the signal strength in each YH decay mode by the corresponding SM H branching
fraction. The branching fraction B(Y — bb) is unknown, model dependent, and no attempt is made to correct for it. This
way of combination is possible because all considered YH channels share the Y — bb decay mode.

For this combined analysis, those systematic variations that should act in the same way for each individual search in
consideration, are treated as correlated. A typical example of this kind is the uncertainty in the integrated luminosities of
the used data sets. According to the values of my and my,, different channels may contribute at different levels of relative
sensitivity. This is due to differences in the selection efficiency, the acceptance of the CMS detector, the trigger efficiency
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and the branching fractions. Therefore a combination might be either dominated by one channel or benefit from the joint
effect of many channels with similar sensitivity depending on the phase-space region.

For the X — HH decay, the combination is performed separately for the spin-0 and spin-2 hypotheses on the X boson.
For the X — YH case, spin-0 is assumed for both the X and Y bosons. For all measurements described in the following,
the H boson mass is fixed to my; = 125 GeV. In case of the Y(bb)H(tt) analysis (Section 2.5.1), for which no limits at
my = 125GeV are available, we use my = 130 GeV instead to estimate the result for the HH case. This is justified by
the limited mass resolution. We make this particular choice because a comparison of the limits with my, = 120 GeV and
my = 130 GeV shows that the latter choice yields more conservative limits. Theoretical uncertainties in the branching
fractions and in the HH cross sections are taken into account [35].

The used grids in points of my and (my, my ) can differ across the various analyses. In general, the combination is
performed only for the points common to all analyses considered in the combination.

As theoretical systematic uncertainties, we consider normalization uncertainties related to PDF, QCD scale, and «s in the
total cross section for the main backgrounds and for the single H production process, which follows the recommendations
by the LHC cross section working group [35]. These uncertainties are considered to be uncorrelated across processes, and
fully correlated across channels that share the same process.

3. Upper limits on the cross sections

We now turn to the results of the searches for heavy resonances X decaying into VH, HH, and YH channels. Each
search features at least one instance of the H boson at a mass of 125 GeV originating from the decay of a heavy resonance
X. The analyses are performed in a variety of final states with complementary sensitivity in the masses my and my,.

The observed data for all searches are found to be in agreement with the SM expectations in the corresponding SRs.
We set upper limits on the product of the production cross section of the resonance and the branching fraction, o B. The
upper limits are set at 95% CL, using the CL criterion [172-174]. Statistical combinations of the different HH and YH
analyses are performed as described in Section 2.6 to extract the maximum information from the data.

3.1. The X — VH decays

Five searches for VH resonances are presented in Section 2.3. These target final states with 0, 1, and 2 leptons,
originating from the decay of the vector boson (W or Z) produced together with the H boson. The H boson is assumed to
either decay to bb or tt. The results are shown as upper limits on o B as functions of the resonance mass X. This can either
be a scalar particle, which can occur, e.g., in 2HDM models, or a vector boson resonance, like W' and z’, as predicted in
the HVT models.

Fig. 24 shows the upper limits on o(pp — A)B(A — ZH) as functions of the mass of the CP-odd Higgs boson A,
using H decays to bb [115] and =t [114], obtained with the data set recorded in 2016. This plot also shows the expected
cross sections for A bosons in two typical 2HDM scenarios. These feature a drop beyond the tt threshold because of the
A — tt channel opening up.

Figs. 25 and 26 show the upper limits on B for spin-1 W’ and Z’ resonances, as a function of the masses My, and
m,,s, respectively. The limits are derived for DY (left) and VBF (right) production separately. The exclusion limits reach
values of o B below 0.1 and 0.3 fb for the DY and VBF topologies, respectively. In DY production the results from searches
with leptons in the final state yield a stronger exclusion for m,,,» masses below 1.7 TeV and m,,s below 3.2 TeV. For higher
masses, the fully hadronic final state shows higher sensitivity. The interpretations of these upper limits on o8 in HVT
models will be discussed in detail in Section 4.3.

3.2. The X — HH decays

The six searches for X — HH discussed in Section 2.4 target a variety of final states with b jets, photons, light leptons,
and 7, leptons. The searches study spin-0 and spin-2 resonances in the mass range 0.28-4.5TeV. We denote the spin-0
resonance as X since interpretations in warped extra dimension and extended Higgs sector models are both possible. We
denote the spin-2 resonance as G having a graviton in mind.

Fig. 27 shows the upper limits on o B as functions of the resonance mass for both spin hypotheses. The exclusion in
terms of o B extends down to 0.2 fb for both spin scenarios probed. The best sensitivity at low masses is obtained by the
diphoton search, while at high masses the two searches with b-tagged merged jets show the best sensitivity. The results of
the statistical combination as described in Section 2.6 are shown as red lines. These combined results are presented again
separately in Fig. 28 along with the =1 and +£2 s.d. intervals on the expected limits. No deviation larger than 2 s.d. from the
expected limits is observed. Large improvements in sensitivity relative to the best individual channel are achieved in the
range of my ~ 0.5-1TeV, where many channels contribute with about the same weight to the combination. Below masses
of 0.32TeV and above 0.8 TeV, this combination gives the strongest observed limits to date on resonant HH production.
A recent combination of HH searches performed by the ATLAS Collaboration can be found in Ref. [175].
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Fig. 24. Search for X — ZH: Observed and expected 95% CL upper limits on the product of the cross section o for the production of an A boson, via
gluon-gluon fusion and the branching fraction B for the A — ZH decay. The limits are given in pb as functions of m, . The markers connected with
solid lines (dashed lines) indicate the observed (expected) limits. The green (magenta) lines refer to the Z(££ + vv)H(bb) [115] (Z(££)H(zT) [114])
analysis. The red and blue solid lines indicate the product o B as expected by the 2HDM Type I and Type II models, respectively, for the parameters
tanB = 3 and cos(8 — «) = 0.1. The shaded areas associated with these predictions indicate the corresponding model uncertainties.

Source: The results and model predictions have been adapted from Refs. [114,115].
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Fig. 25. Search for X — WH: Observed and expected 95% CL upper limits on the product of the cross section ¢ for the production of a W’ spin-1
resonance, via (left) DY production or (right) vector boson fusion and the branching fraction B for the W' — WH decay. The solid lines represent
the observed and the dotted lines the expected limits. The theory predictions from the heavy vector triplet models A, B, and C are also shown.

3.3. The X — YH decays

Three searches target the X — Y H decay. Two are dedicated to lower masses with the H boson decaying to yy or 1t
with two b-tagged AK4 jets for the reconstruction of the Y boson (as discussed in Section 2.5). The search in the fully
hadronic final state with two double-b-tagged AK8 jets targets the high-mass regime. As the Y boson decays to bb in all
cases considered, this allows for a direct comparison of the results from these three searches, without the assumption of a
specific model. Furthermore, this makes a model-independent combination possible, where only the branching fractions
of the H boson need to be taken into account.

Figs. 29 and 30 show the upper limits on o B as functions of the m,, for my < 1TeV and for myx > 1.2 TeV, respectively.
The results have been achieved by adjusting each channel to the corresponding SM branching fraction of the H boson
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Fig. 27. Search for X — HH/G — HH: Observed and expected 95% CL upper limits on the product of the cross section o for the production of a
(left) spin-0 resonance X and (right) a spin-2 resonance G, via gluon-gluon fusion and the branching fraction B for the corresponding HH decay.
The results of the individual analyses presented in this report, corrected for the branching fractions of the respective H decay modes, and the result
of their combined likelihood analysis are shown. The observed limits are indicated by markers connected with solid lines and the expected limits
by dashed lines.

decay under consideration. No correction has been made for the unknown branching fraction of Y — bb, which is the
same in all searches.

At low my, the Y(bb)H(zt) and Y(bb)H(yy) analyses provide the best sensitivity. For my = 1TeV and higher, the
Y (bb)H(bb) in the merged jet topology dominates for small and medium values of my . At the largest values of my,
however, approaching the kinematic limit, the sensitivity of the Y(bb)H(bb) analysis is reduced because the Lorentz
boost of the Y boson rest frame is too small for the fragmentation products of the two b quarks to merge into a single
jet.

The three analyses are statistically combined as described in Section 2.6, and the resulting expected and observed
limits are shown in Figs. 29 and 30. Covering the full mass grid, however, is beyond the scope of this Report. This
combination is shown as an example for the given mass points, and a separate publication in the near future will include
a full combination featuring a larger set of decay modes. The typical exclusion upper limits on o B are about 50, 5, and
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Fig. 28. Search for X — HH/G — HH: Observed and expected 95% CL upper limits on the product of the cross section o for the production of a
(left) spin-0 resonance X and (right) a spin-2 resonance G, via gluon-gluon fusion, and the branching fraction B for the corresponding HH decay,
as obtained from the combined likelihood analysis of all contributing individual analyses presented in this report and shown in Fig. 27. In addition
to the limit from the combined likelihood analysis the 68 and 95% central intervals for the expected upper limits in the absence of a signal are
shown as colored bands.

0.3 fb for my = 0.5, 1, and 3 TeV, respectively. No excess larger than two s.d. above the expected limit is observed at any
of these mass points. A two-dimensional representation of the experimental limits in the (my, m, ) parameter space is
shown as part of the interpretation in Section 4.1.3.

4. Model-specific interpretation

We interpret the results of the individual searches and their combinations in specific models. The interpretations
highlight the coverage of the analyses in the corresponding parameter space and show which regions are excluded by the
current data. The first three subsections address how the measurements can constrain the parameter space of models with
an extended Higgs sector, warped extra dimensions, and in a HVT framework. Section 4.4 is dedicated to studies going
beyond the narrow-width approximation (NWA), where we investigate the effects of non-negligible resonance widths
and interference.

4.1. Extended Higgs sector models

4.1.1. The MSSM

The decays X — HH and A — ZH can have sizeable branching fractions in models with two complex Higgs doublets.
However, as discussed previously, the branching fractions get suppressed when approaching the alignment limit, where
the H boson becomes SM-like. Searches for HH and ZH can nonetheless set important constraints in these models, in
particular at low to intermediate values of tan 8, and for masses below or near the tt threshold, my /a S350 GeV.

Fig. 31 shows exclusion regions in the (m,, tan 8) plane of the hMSSM [64-66,69]. For this and the following model
interpretations, the version numbers of the corresponding tools are documented in Ref. [69]. The branching fractions are
obtained with HDECAY [178,179]. The gluon fusion cross section is obtained with SusHi1 [180,181], which includes higher-
order QCD corrections [ 182-188] and EW effects from light quarks [189,190]. The X — HH searches result in an exclusion
for tan B8 < 6 for m, just above the HH production threshold of 250 GeV, decreasing to tan 8 < 1 for m, = 600 GeV. This
is complementary to the exclusion regions from searches for fermionic decays, such as A — zt, which exclude regions
of large tan 8. The A — ZH search in the H — 1t channel provides sensitivity for 220 < m, < 350GeV and excludes
regions below tan8 = 3.6 for m, < 330GeV. Compared to other direct searches, there is a unique sensitivity of the
X — HH searches for m, > 450GeV and tan 8 < 5. At the same time, the constraints derived from the measurements
of the H boson couplings are somewhat more stringent, albeit these place only indirect constraints on this model.

The frequently used Mf,zs benchmark model is not very suitable for interpretations of results from X — HH searches
as these exclude regions at low tan 8 where the SM-like scalar has a mass inconsistent with 125 GeV and thus with the
observed H boson. Instead, we choose to interpret these results in the MQZESFT scenario [67,69]. Higgs boson masses and
mixings are obtained with FEYNHIGGS [15,191-197]. The branching fraction calculations make use of both FEYNHIGGS,
HDECAY, and PROPHECY4F [198,199]. The cross section for gluon fusion production is obtained from the same tools and
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Fig. 29. Search for X — Y H: Observed and expected upper limits, at 95% CL, on the product of the cross section o for the production of a resonance
X via gluon-gluon fusion and the branching fraction B for the X — Y(bb)H decay. For the branching fractions of the H — 1, H — yy and
H — bb decays, the SM values are assumed. The results derived from the individual analyses presented in this report and the result of their
combined likelihood analysis are shown as functions of my, and myx for myx < 1TeV. Observed limits are indicated by markers connected with solid
lines, expected limits by dashed lines. For presentation purposes, the limits have been scaled in successive steps by two orders of magnitude, each.
For each set of graphs, a black arrow points to the my related legend.

predictions as in the hMSSM scenario. The resulting exclusion regions in the (m,, tan 8) plane are shown in Fig. 32. In
this scenario, the parameter regions excluded by the HH combination are found not to be in conflict with the measured
H boson mass. For m, > 400 GeV the results from the combination provide unique exclusions. Otherwise, the overall
picture is similar to the hMSSM scenario.

4.1.2. The 2HDM

Exclusion limits in the 2HDM are derived from the results of the search for A — ZH(bb) [115]. The 2HDM cross
sections and branching fractions are computed with 2HDMC [62] and SusH]I, respectively. The light H boson mass is set
to 125GeV and my = M+ =My is used. The Z boson branching fractions are set to the measured values [48]. Fig. 33
shows the constraints in the (tan 8, cos(8 — «)) plane for m, = 300GeV [115]. The search excludes nearly the whole
region of low tan g in all four 2HDM scenarios, except for a narrow region around cos( —«) = 0 for which the branching
fraction goes to zero, another narrow region at negative cos(8 — «) for the Type I and lepton-specific scenarios, and at
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Fig. 30. Search for X — Y H: Observed and expected upper limits, at 95% CL, on the product of the cross section o for the production of a resonance
X via gluon-gluon fusion and the branching fraction B for the X — Y (bb)H decay. For the branching fractions of the H — 1t and H — bb decays,
the SM values are assumed. The results derived from the individual analyses presented in this report and the result of their combined likelihood
analysis are shown as functions of my, and my for mx > 1.2TeV. Observed limits are indicated by markers connected with solid lines, expected
limits by dashed lines. For presentation purposes, the limits have been scaled in successive steps by four orders of magnitude, each. For each set of
graphs, a black arrow points to the my related legend.

positive cos(8 — «) for the other two scenarios. At high tan g8, the excluded region widens in the Type II and flipped
scenarios, whereas there is no sensitivity in the Type I and lepton-specific scenarios because the production cross section
for the A boson becomes too small.

4.1.3. The NMSSM and TRSM models

The searches for X — YH decays are interpreted in the NMSSM and TRSM models. In both models, there are various
free parameters besides the masses of the additional X and Y bosons that affect the cross sections and branching fractions.
To check whether the searches are sensitive to a point in the (my, m ) plane, a parameter scan is performed to determine
the maximally allowed cross section, taking all previous constraints on the models into account.

In the NMSSM case, we obtain the maximally allowed cross section values for 6(X — YH — bbbb) from the
scans in Ref. [200], which are based on version 5.6.2 of the program NMSSMTooLs [200,201]. These numbers are divided
by the corresponding branching fraction B(H — bb) to obtain an approximation for the maximally allowed values
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Fig. 31. Interpretation of the results from the searches for the X — HH decay, in the hMSSM model. In the upper part of the figure, the observed
and expected exclusion contours at 95% CL, in the (m,, tan 8) plane, from the individual HH analyses presented in this report and their combined
likelihood analysis are shown. In the lower part of the figure, a comparison of the region excluded by the combined likelihood analysis shown in the
upper part of the figure with selected results from other searches for the production of heavy scalar bosons in the hMSSM, in tt [71], tt [176] and
WW [177] decays is shown. Also shown, are the results from one representative search for A — ZH [114] and indirect constraints obtained from
measurements of the coupling strength of the observed H boson [50]. Results not marked by a club symbol are based on an integrated luminosity
of 35.9fb7 ",
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Fig. 32. Interpretation of the results from the searches for the X — HH decay, in the M,lleSFr benchmark scenario. In the upper part of the figure, the

observed and expected exclusion contours at 95% CL are shown, in the (m,, tan 8) plane from the individual HH analyses presented in this report
and their combined likelihood analysis. In the lower part of the figure, a comparison of the region excluded by the combined likelihood analysis
shown in the upper part of the figure with selected results from other searches for the production of heavy scalar bosons in the M,ﬁfpr scenario, in
1t [71], tt [176] and WW [177] decays is shown. Also shown, are the results from one representative search for A — ZH [114]. The parameter
region in which the mass of the lightest MSSM Higgs boson does not coincide with 125 GeV within a 3 GeV margin is indicated by the dark hatched

area. Results not marked by a club symbol are based on an integrated luminosity of 35.9 .

of 0(X — Y(bb)H). Uncertainties arising from the precision of the measured branching fractions of the H boson are
neglected.
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Fig. 33. Interpretation of the results of the A — ZH(bb) analysis [115], in the (upper left) Type I, (upper right) Type II, (lower left) flipped, and
(lower right) lepton-specific 2HDM models. In each case observed and expected exclusion contours at 95% CL, in the plane defined by cos(8 — «)
and tan 8, are shown. The excluded regions are represented by the shaded gray areas. The 68 and 95% central intervals of the expected exclusion
contours in the absence of a signal are indicated by the green and yellow bands. Contours are derived from the projection on the corresponding
2HDM parameter space for m, = 300 GeV. The regions of parameter space where the natural width of the A boson I'y is comparable to or larger
than the experimental resolution and thus the narrow-width approximation is not valid are represented by hatched gray areas.

Source: Figure from Ref. [115].

Fig. 34 shows the observed and expected upper limits at 95% CL on ¢ B of the combined X — YH searches (upper
panel), together with the maximally allowed model values (lower panel). While the experimental limits appear to touch
the model predictions in several places, there is not much additional exclusion. This is expected because many relevant
measurements, including the CMS searches for X — Y(bb)H(tt) and X — Y(bb)H(bb) presented in this article,
are already accounted for in this version of NMSSMTooLs, which lowers the maximally allowed NMSSM cross sections
correspondingly. Therefore, no new constraints are expected from these channels compared to those in the original
publications [123,124,167].

Comparisons of the measured limits for X — Y(bb)H(bb) in merged final states with the maximally allowed TRSM
values can be found in Ref. [124]. The measurement excludes part of the allowed TRSM parameter space in a wedge-
shaped region between my =~ 1000-1300 GeV and around my, ~ 125 GeV. An interpretation of the X — Y(bb)H(zt)
measurements within the TRSM benchmark planes can be found in Ref. [202].
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Fig. 34. (Upper left) Observed and (upper right) expected upper limits at 95% CL, on the product of the cross section o for the production of a
resonance X via gluon-gluon fusion and the branching fraction B for the X — Y (bb)H decay, as obtained from a combined likelihood analysis of
the individual analyses presented in this report and shown in Fig. 29. The results are presented in a plane defined by my and my . The limits have
been evaluated in discrete steps corresponding to the centers of the boxes. The numbers in the boxes are given in fb. The corresponding maximally
allowed values of o8 in the NMSSM are also shown for comparison (lower plot), as adapted from Ref. [200].

4.1.4. The real-singlet extension

The additional scalar boson X predicted in the real-singlet model has the same relative couplings to SM particles as the
SM H boson. Most searches for X — HH assume that the width of the X boson is much smaller than the reconstructed
mass resolution, such that the NWA holds. We use the real-singlet model for a dedicated study of nonnegligible width
and interference effects and present the results in Section 4.4. The corresponding model interpretations for the X — HH
combination in the real-singlet model are presented there.

4.2. Warped extra dimensions

The measured upper limits on resonant HH production can also be interpreted in the context of WED models (as
discussed in Section 1.2.2). Fig. 35 (left) shows the lower limit on the bulk radion ultraviolet cutoff parameter Ay as a
function of the radion mass my, for all presented HH analyses and their combination. The individual analyses with the best
sensitivity are from the searches of X — H(bb)H(yy) for myx < 1TeV,and X — H(bb)H(bb) for myx > 1TeV. In the regions
0.5 <my <1TeVand 1 <my < 1.5TeV, the X — H(bb)H(tt) and X — H(bb)H(WW) analyses contribute significantly
to the combination. In the mass region below 1TeV, the expected lower limit from the combination ranges from 8 to
10 TeV, with observed limits reaching up to 12 TeV. The strongest exclusion limits of about 12 TeV expected and 16 TeV
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Ag, as a function of the radion mass my, and upper limits (right) on the parameter k of the spin-2 bulk graviton G, as a function of m¢. Excluded
areas are indicated by the direction of the hatching along the exclusion contours.
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Fig. 36. Observed and expected limits, at 95% CL, on the parameters of models with warped extra dimensions, as obtained from the combined
likelihood analysis of the individual X — HH analyses presented in this report and shown in Fig. 35. The exclusion contours obtained from
the combined likelihood analysis are compared to similar exclusions obtained from individual searches in the decays Z(¢€)Z(qq/vv/€£¢) [203],
W(v)W(Lv/qq) [177], W(£Vv)W (qq) [116], V(qq)V(aq) [118], and Z(vv)Z(qq) [204], in case of the radion interpretation, and from individual
searches in the decays Z(qq)z(££) [205], V(aq)V(aq) [118], Z(vv)Z(qq) [204], and W (£v)W (qq) [116], in the case of the graviton interpretation.
Excluded areas are indicated by the direction of the hatching along the exclusion contours.

observed are reached near mp = 1.2TeV. The combination improves the sensitivity over the full mass range probed.

Fig. 35 (right) shows the corresponding upper limits of the parameter k of the spin-2 bulk graviton G. The combination
excludes values of k larger than about 0.3 at 95% CL for the large mass range 0.3 < mg < 1.5TeV.
We compare the limits obtained from the HH combination with limits from searches for X — 77z [203-205] and

X — WW [116,118,177] in Fig. 36. The HH combination is found to be very competitive, and it places stronger constraints
on the WED models in some mass regions. For radions, shown on the left, the HH combination shows about the same
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sensitivity as the Z(€£)Z(qq/vv/€£) final state [203] for mp < 1TeV. The HH combination has the best sensitivity in
the region 1 < myp < 2TeV, and for higher masses it has a comparable sensitivity as searches in final states from

hadronic and semileptonic WW decays [116,118]. For gravitons, the HH combination places the best upper limits on k
for 250 < mg < 450GeV and 700 < m < 2000 GeV.

4.3. Heavy vector triplet models

The three searches for X — VH introduced in Section 2.3 probe for a new vector boson V' (either W’ or z') in final
states with 0, 1, and 2 leptons. The resulting upper limits on o B presented in Section 3.1 are now interpreted in the HVT
model. The theoretical cross sections are calculated at NLO in QCD with the models detailed in Ref. [28,30]. The theory
predictions with the corresponding B(W' — WH) and B(Z' — ZH) in the models A, B, and C, where couplings of V' to
bosons are enhanced, have been shown in Figs. 25 and 26. The upper limits on o 3 are translated into lower limits on the
vector boson masses. The W’ and Z’ masses are excluded up to 4.1 and 3.9 TeV, respectively, in model B interpretations.

Fig. 37 shows the upper limits on the DY production cross section of V' in the WH and ZH channels, compared to those
obtained from VV [116,118,204,205] and fermion pair production channels [206-209] assuming branching fractions of
the HVT models A and B. The corresponding theory predictions are overlaid. The all-jets channels are sensitive to both
W’ and Z’ production and are thus interpreted in combined V' production. While in model A, searches for fermion pair
production dominate the sensitivity, in model B, where couplings of V' to bosons are large, the VV and VH searches are
most sensitive.

For four resonance mass hypotheses, the cross section exclusion limits from DY production are translated into two-
dimensional upper limits on the coupling parameters for fermions and bosons of the HVT model. Fig. 38 shows only the
constraints from VH production, while Fig. 39 includes also VV and fermion pair production channels for comparison.
The constraints from VH searches are most stringent, apart from the region with small boson couplings, where the
complementary searches with fermion final states provide stronger constraints.

In model C, where the V' is produced exclusively via VBF, the data set is not sufficient to exclude couplings below
gu = 3 in any range of m,,. The corresponding results are shown in Fig. 40.

4.4. Effects of finite width and interference in resonant HH production

Most of the HH and Y H analyses performed by the CMS Collaboration make use of the NWA, where the width of BSM
particles is neglected and no interference with nonresonant Higgs boson pair production occurs. However, in general,
interference effects can strongly impact the HH cross section [210,211]. The interference can be either constructive or
destructive, enhancing or decreasing the HH production rate [212,213], and have a nonnegligible effect in BSM exclusion
limits. We study the impact of the interference between nonresonant and resonant production in the inclusive pp — HH
production, which can receive contributions from resonant X — HH production. This work provides the first measure
of interference effects, identifying phase space regions where the NWA is valid. We use as a benchmark a simplified
scenario based on the real-singlet model introduced in Section 1.2.1, as it includes the smallest number of additional free
parameters [214]. We note that interference effects are model dependent and may be different for other BSM scenarios.

For this specific study, we modify the singlet model by not imposing the Z, symmetry. The Z, symmetry precludes
terms of odd powers of the additional singlet scalar field, which are known to be responsible for a stronger first-order
EW phase transition [215,216]. Exploiting EW symmetry breaking on the singlet model scalar potential, we are left with
two mixing states. After mass diagonalization, the identification of one of the states with the SM H boson reduces the
number of uncorrelated parameters further from seven to five. The other state is associated with a new particle X. The
couplings of the H boson and the X particle are given by

sM M.
Sk = Sk COS and gy = —Zpw Sinc, (11)

where « is the mixing angle, and k represents any SM particle. For my > 2my the width of the X resonance can be

calculated as
A%Hxﬁl'_4m%/mi

8mmyx

Iy =sin’ o I'™™(my) + , (12)

where Ay« is the trilinear coupling between two H bosons and the new particle X, and FSM(mX) represents the width of
a scalar boson of mass my with the same decay modes as the SM H boson. The latter has been calculated by interpolating
the values published in Ref. [35]. In addition to «, mx and Ayyx, this singlet model also depends on the trilinear H

coupling modifier k, = AHHH/A%MHH, and on an additional scalar coupling.

We use the MADGRAPH5_aMC@NLO generator version 2.9.7 [217], to simulate inclusive HH events in the singlet model
at LO. A custom universal FEYNRULES [218] output (UFO) model based on Ref. [215] adds a heavy scalar boson to the SM
with couplings to SM particles as defined in Eq. (11). The samples are created according to the following parameter grid
with k, = 1:
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shown. Results from the VH [116-118] and VV channels [116,118,204,205], as well as results from dijet [209], tb [207], £€ [206], and £v [208]

final states are shown for comparison.

e my [GeV]: 280, 300, 400, 500, 600, 700, 800, 900, 1000,
e sina: 0.00, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.90, 0.95, 0.99,

e luux [GeV]: —600, —500, —400, —300, —200, —100, —50, 0, 50, 100, 200, 300, 400, 500, 600,

409



CMS Collaboration Physics Reports 1115 (2025) 368-447

CcMSs 138 fo' (13 TeV) CMS 138 fb" (13 TeV)

i

I

L LA LB R LI L B L
I

_.
Q

95% CL observed upper limit in |g
95% CL observed upper limit in |g

: : m, =2TeV
iomy=1Tev : —Z >5ZH-qqbb  —W — WH - qa.bb
10-2F | W o WHo b —Z>ZHodlivvbd 1025z L ZH o wbb W > WH - vbb i
T B S T P E R P

-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
g, X sign(g,) g, X sign(g,)
CMS 138 fb™ (13 TeV) CMS 138 fo™' (13 TeV)

i

i

95% CL observed upper limit in |g
95% CL observed upper limit in |g

107 107" E
m,. =3 TeV | m,. =4 TeV
—2Z' - ZH — qq,bb — W' > WH — qq,bb —Z2Z'—» ZH - qq,bb —W' - WH - qq,bb
10—2 - —Z'—>ZH - ll/vv,bb W' - WH — Iv,bb - 10-2 - —Z'—>ZH = ll/lvv,bb W' - WH — Iv,bb B
e b b b b Py g 1 Lol b b b b by g 10
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
g, X sign(g)) g, X sign(g,)

Fig. 38. Observed upper limits, at 95% CL, on the V' couplings gr and gy within the HVT model for v’ masses of (upper left) 1, (upper right) 2,
(lower left) 3, and (lower right) 4 TeV, from DY production, derived from VH channels of Refs. [116-118] discussed in this report. Excluded areas are
indicated by the direction of the shading along the exclusion contours. The dotted lines denote coupling values above which the relative width of
the resonance, I'y,//m,/, exceeds 4 and 10%. These dotted lines are to be compared with the experimental resolution to identify where the narrow

width approximation no longer applies. The experimental resolution in final states with jets decreases as a function of resonance mass from 7% at
1TeV to as low as 4% at 4TeV. The couplings corresponding to the heavy vector triplet models A and B are indicated by cross markers.

where my is chosen based on the signal samples used in the HH combination presented in Section 3.2. The resonant,
nonresonant, and total cross sections for each combination of grid points are generated separately. We perform a

parameter scan in the parameters my, sin, and Ay of the interference ratio defined as

Gfull _ (O_resonant—only + Gnonresonant)
(13)

Rint =

resonant-onl nonresonant
o v + o

We obtain the nonresonant cross section by setting the coupling gy, defined in Eq. (11) to zero, and the resonant-
only cross section by setting the coupling gy, to zero. The variable R;,; provides information concerning the relative
strength of the interference between the SM and BSM processes. The larger the deviation of R;,; from zero, the stronger

the modification of the cross section due to the interference. We consider the gluon fusion production mode due to its
dominant contribution to the cross section. The UFO model and procedure are validated using the program HPAIR [213,219]
where the results varying k, in the nonresonant scenario are found to agree with the NLO predictions of Ref. [4].
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of the shading along the exclusion contours. The dotted lines denote coupling values above which the relative width of the resonance, I,/ /m,/,

exceeds 4 and 10%. These dotted lines are to be compared with the experimental resolution to identify where the narrow width approximation no
longer applies. The experimental resolution in final states with jets decreases as a function of resonance mass from 7% at 1 TeV to as low as 4%
at 4TeV. The couplings corresponding to the heavy vector triplet models A and B are indicated by cross markers.

Exact conclusions from this study naturally depend on the allowed size of R;, and the relative width I'y /my. In the
following, we choose as benchmark points R;,;, = %10 and £20%, and Iy /my = 5, 10 and 20%. The corresponding
contours and exclusion limits derived from the HH combination in the singlet model are shown in Fig. 41.

Contours of positive (green) and negative (blue) interference ratios are shown as solid (for R, = £10%) and dashed
(for R, = £20%) lines. They are found to swap positions at my = 400 GeV, likely because of the peak of the nonresonant
HH distribution. The dotted lines denote coupling value combinations beyond which the relative width of the resonance,
I'y /my, exceeds 5 and 10%, respectively, implying the narrow width approximation not being accurate anymore. For
a given my, the quadratic dependence of I'y on both sina and Ayp;x according to Eq. (12) leads to elliptical isolines
of constant I'y /my. The experimental bound from the HH combination discussed in Section 3.2 is obtained from the
95% CL upper limit on o(pp — X)B(X — HH), with the X production cross section growing with increasing sin «, and
B(X — HH) growing with increasing A ;x. We note that large values of sin ¢, corresponding to regions where the H
boson is less SM-like, also tend to be excluded by precision measurements of the H boson [215].

For most of the studied mass points, sizeable interference ratios occur only in parameter regions to which the current
measurements are either not yet sensitive, or at too large values of sin «. In particular, for large resonance masses, where
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Fig. 40. Observed upper limits, at 95% CL, on the coupling g;; within the heavy vector triplet model, as a function of the v’ mass. The limits are
shown for the vector boson fusion production mode in the context of model C, in which gz = 0. The results are shown (left) for the WH and
ZH analyses of Refs. [116-118], individually, and for a combination with the Wz final states of Refs. [116,118,204] (right), where the WH and
ZH results from all-hadronic final states have been combined with the corresponding Vv channels. The dotted lines denote coupling values above
which the relative width of the resonance, I',//m,/, exceeds 4 and 10%. These dotted lines are to be compared with the experimental resolution to

identify where the narrow width approximation no longer applies. The experimental resolution in final states with jets decreases as a function of
resonance mass from 7% at 1 TeV to as low as 4% at 4TeV.

interference effects tend to grow, they are far below the current sensitivity and might only play a role when the full
data set from HL-LHC becomes available [220], as discussed in Section 5.3. However, there are regions at intermediate
my where the interpretation of NWA-based limits for HH derived in the singlet model would solicit some care already
in the Run 2 combination (e.g., mx = 500GeV, sine = 0.2 and Agyx = 400GeV). It is important to note that such
interpretations are generally model dependent.

The differential cross sections as a function of myy are shown for representative points from the (sino, Apgyx)
parameter space in Fig. 42 for my = 280GeV, and in Fig. 43 for myx = 500 GeV. The parameters are chosen such that
I'x /mx = 5%, which is well below the detector resolution for resonance masses below 1 TeV, and R, = +10% or £20%,
so that sizeable interference effects are expected. The lineshapes show points in parameter space where the R;,; contours
intersect with lines of constant Iy /myx = 5% in Fig. 41.

The mass points of my = 280 and 500 GeV have been chosen because these values are on the left- and right-hand side
of the peak in the myy distribution for nonresonant SM HH production. The total signal contribution of the resonance,

including the interference effect, can be assessed as the difference between o™ (red graph) and 0" (green graph).
In the my = 280GeV case, the resonance peak is at a mass where the non-resonant background is low in comparison;
hence the central part of the peak is not much affected in its shape, and a classical bump hunt should still work. However,
the total cross section is modified as specified by R;,. For a precision measurement, which is not yet in our reach, a
distortion of the signal shape, either a peak-dip or peak-tail pattern depending on the relative sign of the amplitudes,
would have to be taken into account. At my = 500GeV, in the top panels of Fig. 43, the signal shape is found to be
strongly modified by the interference effect. However, this occurs in a parameter region still relatively far away from
the regions currently probed, as can be seen in Fig. 41. Although the expected interference effects clearly depend on the
underlying model, they can be expected to be of mounting importance in the future as the LHC data set increases.

5. Discovery potential at the HL-LHC

The HL-LHC [221] is planned to start in 2029 and aims to deliver a pp collision data set corresponding to about
3000fb~" of integrated luminosity in the baseline scenario, and up to 4000 fb~" in the ultimate scenario, at an un-
precedented center-of-mass energy of 14TeV. The CMS detector will be upgraded to cope with the large size of 140
(200) PU events on average for the baseline (ultimate) scenario. The upgraded detector will also meet the challenges
from the adverse effects due to the radiation dose to which the detector components are exposed, which is one order of
magnitude higher than at the current LHC. Furthermore, major improvements of the software for the online and offline
event reconstruction are under development to fully exploit the potential of the upgraded detector. Searches for scalars
X decaying to HH or YH are among the most relevant targets of research at the HL-LHC, and thus projection studies
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Fig. 41. Contours of the variable R, as defined in Eq. (13) and discussed in the text, in the (sinc, Ay x ) plane for the singlet model with k, =1
and different resonance masses myx between (upper left) 280 and (lower right) 800 GeV. Contours are shown for R, values of (dashed blue) —0.2,
(solid blue) —0.1, (solid green) +0.1, and (dashed green) +0.2. Regions that are excluded, at 95% CL, from the combined likelihood analysis of the
HH analyses presented in this report are indicated by red filled areas. Dashed black lines indicate constant relative widths of 5, 10, and 20%.

are very important to motivate the ongoing hardware and software upgrades. Meanwhile, such studies can provide an
estimate of the sensitivity to the relevant BSM theories which can be achieved with the HL-LHC data.

This section describes the perspectives for the searches for X boson resonances decaying to HH or YH at the HL-
LHC, in the most sensitive decay channels bbyy, bbtt, and bbbb, in the baseline scenario of the HL-LHC. Using the
combined likelihood method, individual channels are statistically combined to exploit their complementarity in sensitivity
to different regions in parameter space of the tested BSM theories. The expected upper limits at 95% CL on the cross
sections of the BSM processes of interest are provided as functions of the masses of the BSM scalars. The expected
exclusion in the parameters of the relevant BSM theories is estimated, as well as the expected discovery significance
for benchmark BSM signals.

5.1. Methodology for estimation of the discovery potential

The projection studies are based on the resonant HH and Y H searches in the most sensitive channels from the CMS
Run 2 data set corresponding to an integrated luminosity of 138 fb~!, as summarized in Table 2. Descriptions of the Run 2
HH and YH searches are given in the sections indicated in the table.

Using the same approach as studies in Ref. [220], searches using the Run 2 data set are projected to an integrated
luminosity of 3000 fb~'. Where appropriate, the signal cross sections have been scaled to the center-of-mass energy
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Fig. 42. Expected differential cross sections for HH production, as a function of myy, for the real-singlet model with my = 280GeV and

I'y /mx = 5%. The parameters sina and Ay x have been chosen such that (upper row) R;,, = +10% and (lower row) Ry, = £20%, for (left)

negative and (right) positive values of R;,.. The total cross section for HH production o™ (red line, labeled as oy,;) is compared to the cross sections

—onl . . . . .
oMo (blue line, labeled as o) and o """ *°™™ (green line, labeled as o,,.s) considering only resonant and nonresonant production. In the
lower panels the ratio of o™ over (g™senantony | gnonresonanty 4o chavyn.

Table 2

Searches for resonant HH and Y H production considered for the projection study.
Final state Reference Section
bbtt [122] 2.5.1
bbyy [123] 252
bbbb (merged-jet) [124] 2.5.3

of 14TeV [35]. As the upgraded CMS detector will ensure a performance comparable to Run 2, the efficiency in the
reconstruction and identification of photons, leptons, jets and b jets, as well as the resolution in their energy and
momentum measurements are assumed to be unchanged. The experimental sensitivity expected at the HL-LHC is derived
using the following three systematic uncertainty scenarios.

S1: All the systematic uncertainties are assumed to remain the same as in Run 2. This is an over-conservative
scenario because the CMS detector upgrade, the progress in the reconstruction techniques, and the very
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Fig. 43. Expected differential cross sections for HH production, as a function of myy for the real-singlet model with myxy = 500GeV and

I'x /mx = 5%. The parameters sine and Ayyx have been chosen such that (upper row) Ry, = £10% and (lower row) Ry, = £20%, for (left)
negative and (right) positive values of R;,.. The total cross section for HH production o™ (red line, labeled as oy,;) is compared to the cross sections
o™ (hlne line, labeled as oye;) and o™ ™™™ (green line, labeled as oynes) considering only resonant and nonresonant production. In the

) fall t-onl £y -
lower panels the ratio of o' over (""" O™ 4 o "OMEONNY g shown.

large data set available for the experimental calibrations are expected to bring a substantial reduction of
several systematic uncertainties. Furthermore, progress in the theory calculations is expected to reduce
the uncertainties in the predictions.
S2: The theory uncertainties are halved, while the experimental uncertainties are set according to the
recommendations of Ref. [222].
Statistical only: The results are derived considering only the statistical uncertainty in data.

The projected results from the channels considered are statistically combined following the same procedure as adopted
for the Run 2 combination which is described in Section 2.6. In particular, the systematic uncertainties affecting multiple
channels, such as the uncertainties in the luminosity and on the b jet identification efficiency, are treated as correlated
among all the input channels.
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Fig. 44. Expected upper limits at 95% CL, on the product of the cross section for the production of a spin-0 resonance X and the branching fraction
B(X — HH), as functions of myx from the (upper left) bbrt [122], (upper right) bbyy [123], and (lower) bbbb with two merged bb jets [124]

analyses discussed in this report, projected to an integrated luminosity of 3000 fb~" under the assumption of different systematic uncertainty
scenarios, as discussed in the text. All estimates include the anticipated statistical uncertainties.

5.2. Discovery potential for X — HH

The expected upper limits at 95% CL on the X — HH cross section from the channels considered projected to 3000 fb!
are shown for the three different systematic uncertainty scenarios in Fig. 44. The projected upper limits from the bbyy
decay mode range between 60 and 3 fb for my within 300-1000 GeV. The overall impact of the systematic uncertainties on
the bbyy upper limits is below 1% because of the small uncertainty on the background modeling thanks to the estimation
procedure based on the fit to the data in sideband regions.

The bbtt channel provides upper limits on the cross section at 95% CL between 300 and 7 fb for my within 300-
1000 GeV. The systematic uncertainty with the largest impact in the S1 scenario has its origin in the limited size of the MC
simulation used for the background estimation. In the S2 scenario, the statistical uncertainties on the simulated events are
assumed to be negligible and the main systematic uncertainties arise from the efficiencies of the b jet and t identification
and misidentification.

The bbbb channel in the boosted regime, in the following simply referred to as bbbb, covers my values between 900
and 4000 GeV, and is expected to provide upper limits between 0.04 and 0.02 fb at an integrated luminosity of 3000 b,
The impact of the systematic uncertainties is very small, as the sensitivity of the analysis is mainly limited by the statistical
uncertainty in the data.
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Fig. 45. Expected upper limits at 95% CL, on the product of the cross section for the production of a spin-0 resonance X and the branching fraction
B(X — HH), as a function of my, for an integrated luminosity of 3000 fb~! and the combination of the three analyses shown in Fig. 44. Shown
are the effects of the different systematic uncertainty scenarios (left), and the reach of the individual analyses for the S2 systematic scenario (right).
All estimates include the anticipated statistical uncertainties.
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Fig. 46. Expected discovery significance for a spin-0 resonance X with myx = 1TeV and cross sections of 1 and 10 fb, obtained for the combined
likelihood analysis of the resonant HH searches as discussed in Section 5 and shown in Figs. 44 and 45, shown as function of the integrated
luminosity.

The results of the combination of the resonant HH searches considered are shown in Fig. 45 in the different systematic
uncertainty scenarios, and in comparison to the results from the individual channels. The bbyy channel is found to
dominate the sensitivity in the region my < 500GeV; around 900 GeV the channel with the best sensitivity is bbbb,
followed by bbyy and bbzt. For my > 1000 GeV the only channel considered is bbbb which is expected to be the most
sensitive in this kinematic region. Thanks to the small impact of the systematic uncertainties on the bbyy and bbbb
channels, the differences between the three systematic uncertainty scenarios are rather small.

5.2.1. Perspectives for the discovery of BSM benchmark signals

The expected significance for the discovery of a benchmark BSM signal from a spin-0 resonance with a mass of 1TeV
is calculated for several signal cross sections and represented as a function of the integrated luminosity in Fig. 46. Based
on the three channels considered in this projection, the significance of a signal of X — HH with a cross section of 10 fb
corresponds to about three standard deviations at Run 2, while an integrated luminosity of 300 b~ would yield 4.8
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Fig. 47. Expected exclusion contours at 95% CL, in the (tan 8, m, ) plane of the (left) hMSSM and (right) M;ZESFT scenarios obtained from the combined
likelihood analysis of the HH searches discussed in Section 4.1 and shown in Figs. 31 and 32, for different integrated luminosities and compared to
the Run 2 result obtained at /s = 13 TeV. The projections assume /s = 14 TeV.
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Fig. 48. Expected lower limit at 95% CL, on Ay in the warped extra dimensions bulk scenario for the production of a radion R, as a function of
mpg. The limits are derived from the combined likelihood analysis of the HH searches discussed in Section 4.2 and shown in Fig. 35, for different
values of the integrated luminosity. Excluded areas are indicated by the direction of the hatching along the exclusion contours.

standard deviations, indicating an attractive discovery potential already for Run 3 and its combination with Run 2. The
significance of the same signal would reach about 15 standard deviations at 3000 A signal with a cross section of
3 fb would be sufficient to reach an observation at the level of five standard deviations with 3000 fb™".

5.2.2. Perspectives for MSSM scenarios

The projected exclusion limits at 95% CL of the hMSSM and M;ﬁ_-r benchmark scenarios from resonant HH searches
are shown in Fig. 47. The S1 systematic uncertainty scenario is used for the Run 2 result and conservatively also for the
result with 300fb~", while the S2 systematic uncertainty scenario is used for the projected 1000 and 3000 b~ results.
Over the full accessible range in tan 8, the exclusion in m, increases by about 250-300 GeV when moving from the
Run 2 integrated luminosity to 3000 fb", for both the hMSSM and Mﬂin-r scenarios. This exclusion from the resonant HH
searches will complement the searches for X decaying to a pair of fermions or vector bosons.

5.2.3. Perspectives for the WED bulk scenario

The expected lower limits at 95% CL on the bulk radion parameter Ay as a function of the radion mass my_are shown
in Fig. 48. The limits are obtained from the combination of resonant HH searches in the WED bulk scenario. The S1
systematic uncertainty scenario is used for the Run 2 result and conservatively also for the result with 300 fb~', while
the S2 systematic uncertainty scenario is used for the projected 1000 and 3000 fb~" results. Over the full range in mg,
the limit on Ay is expected to increase by a factor of at least two with the full HL-LHC data set.
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Fig. 49. Exclusion contours at 95% CL, in the (sinw, Agpx) plane for k, = 1 in the real-singlet model. These contours are obtained from the
combined likelihood analysis of the HH searches discussed in Section 4.1 for (upper left to lower right) myx = 280, 400, 500, 600, 700, and 800 GeV.

The expected limits from the Run 2 dataset have been projected to integrated luminosities of 300, 1000, and 3000 fb~". Excluded areas are indicated
by the direction of the hatching along the exclusion contours.

5.2.4. Perspectives for the singlet scenarios

In the singlet model of Section 4.4 with k, = 1, limits are derived in the (sin«, Ay ) plane from the combination
of resonant HH searches. Resonance masses between 280 and 800 GeV are probed using Run 2 data and projected to
integrated luminosities corresponding to 300, 1000, and 3000 b, Projected exclusion regions at 95% CL are shown in
Fig. 49. The HL-LHC dataset of 3000 fb~! has the potential to considerably expand the present exclusion regions in the
(sine, Ayyx ) plane for all values of my. Compared to the present limits, the largest improvement is observed for large
masses, my = 600 GeV and higher, where large regions of the (sin«, Ay ) plane can be probed.

5.3. Discovery potential for X —YH

The upper limits on the cross section for X — YH are also projected to an integrated luminosity of 3000 b~ for
the three systematic uncertainty scenarios. The projections are derived for the individual channels in the bbyy, bbzrt, and
bbbb final states, and for a combination with the assumption of SM H boson branching fractions, where we use the same
procedure as for the HH projections. The differences between the upper limits in the S1, S2, and statistical-only scenarios
are analogous to the findings for the corresponding channels in the X — HH projections.
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Fig. 50. Expected upper limits at 95% CL, on the product of the cross section o for the production of a resonance X via gluon-gluon fusion and the
branching fraction B for the X — Y (bb)H decay, as functions of my, for my < 1TeV. For the branching fractions of the H — tt, H — yy and
H — bb decays, the SM values are assumed. The limits are obtained from the combined likelihood analysis of all analyses discussed in Section 3.3

and shown in Fig. 29, projected to an integrated luminosity of 3000 fb~'. Shown are the projections for the combined likelihood analysis for different
systematic uncertainty scenarios (left), and the projections for the combined likelihood analysis and the individual contributing analyses assuming
the S2 scenario (right). For presentation purposes, the limits have been scaled in successive steps by two orders of magnitude. For each set of graphs,
a black arrow points to the my related legend.

The results of the X — YH projections are presented in Figs. 50 and 51 for my up to and above 1TeV, respectively.
The regions of the (my, my ) parameter space with the largest ratios of my /myx correspond to a Y particle with low
transverse momentum, and can be probed with the bbyy channel. In the regions with small ratios of my, /my, the Y
particle receives a large Lorentz boost, such that the bbbb boosted channel has the highest sensitivity and only this final
state is considered. In the intermediate region, the bbyy and bbtt channels provide comparable sensitivity and about
equal weight in the combination.

Selected bins of the projections from the YH combination are used for presenting expected upper limits as functions
of my and my, and are shown in Fig. 52. In comparison with Fig. 34, the improvement is clearly visible.

5.3.1. Perspectives for the NMSSM and TRSM

We compare the maximally allowed cross sections predicted by the NMSSM model scans with the expected upper
limits at 95% CL on the X — YH cross sections, projected to an integrated luminosity of 3000 fb~'. The NMSSM model
scans are obtained with NMSSMTooLs version 5.6.2 [200], as described in Section 4.1.3, and take many relevant experi-
mental constraints from Run 2 into account. Fig. 53 shows the projected exclusion contours for the final states Y (bb)H(yy)
(upper left), Y(bb)H(tt) (upper right), and Y(bb)H(bb) in the merged-jet topology (lower left). The maximized model o B
values may depend non-monotonically on m, which can be reflected in the contours. Substantial regions of the parameter
space can be excluded in the probed mass region with my = 500-1000GeV and my = 100-350 GeV, as well as up to
my = 200GeV for my = 1100-1500 GeV. This indicates a huge increase in sensitivity for the HL-LHC compared to the
results from Run 2. Similarly, we compare the predictions of the TRSM model [12] with the projected results from the
Y (bb)H(bb) channel in the merged-jet topology in Fig. 53 (lower right), which results in a sizeable exclusion region for
my = 900-1500 GeV and m,, = 110-135 GeV.
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Fig. 51. Expected upper limits at 95% CL, on the product of the cross section o for the production of a resonance X via gluon-gluon fusion and the
branching fraction B for the X — Y (bb)H decay, as functions of my,, for my > 1.2TeV. For the branching fractions of the H — 1t and H — bb
decays, the SM values are assumed. The limits are obtained from the combined likelihood analysis of all analyses discussed in Section 3.3 and
shown in Fig. 30, projected to an integrated luminosity of 3000 fb~'. Shown are the projections for the combined likelihood analysis for different
systematic uncertainty scenarios (left), and the projections for the combined likelihood analysis and the individual contributing analyses assuming
the S2 scenario (right). For presentation purposes, the limits have been scaled in successive steps by four orders of magnitude. For each set of
graphs, a black arrow points to the my related legend.
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Fig. 52. Expected upper limits at 95% CL on the product of the cross section o for the production of a resonance X via gluon-gluon fusion and
the branching fraction B for the X — Y(bb)H decay, as obtained from the combined likelihood analysis of the individual analyses presented in
Section 3.3 and Fig. 29. The results are shown in the plane spanned by my, and my for my < 1TeV, and projected to an integrated luminosity of

3000fb", assuming the S2 systematic uncertainty scenario. The numbers in the boxes are given in fb.
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Fig. 53. Interpretation of the upper limits at 95% CL, on the product of the cross section o for the production of a resonance X via gluon-gluon fusion
and the branching fraction B for the X — Y(bb)H decay, obtained from the projections to an integrated luminosity of 3000 b~ of the (upper left)
Y (bb)H(yy) [123], (upper right) Y(bb)H(tt) [122], and (lower row) Y (bb)H(bb) [124] analyses, assuming the S2 systematic uncertainty scenario.
The projected limits are mapped onto the (mx, my ) plane, and compared with the maximally allowed cross sections of the NMSSM (left and upper
right), and TRSM models (lower right) discussed in Section 4.1.3. The points indicate the available theory predictions. The mass dependences of
both the projected experimental limits and the maximally allowed theory cross sections have been interpolated to obtain approximate exclusion
contours. The NMSSM predictions based on NMSSMTooLs version 5.6.2 are adapted from Ref. [200], whereas the TRSM is described in Ref. [12]. In
both cases, the model predictions have been scaled to /s = 14 TeV.

6. Summary

The analyses searching for the production of the Higgs (H) boson through decays of heavy resonances, performed by
the CMS Collaboration using the Run 2 data set, are reviewed. This Report covers final states with two bosons with at
least one an H boson, namely an H boson and a vector boson (VH), a pair of H bosons (HH), and an H boson joined by
a new boson Y (YH), where V represents a W or a Z boson.

The analyses cover a wide range of H boson decay modes, in particular, decays into photons, b quarks, t leptons, and
W bosons. The Y boson is exclusively searched for in b quark final states. Topologies involving both resolved and merged
jet objects are used to cover a wide range of the phase space. Multivariate methods are employed in various ways to
improve the performance.

The results are presented as summary plots which show the sensitivity of all channels in direct comparison. For the
HH and YH final states, the results obtained by combining all decay channels are presented for the first time.
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The results are interpreted in the context of various beyond-the-standard model scenarios for resonances decaying
into VH, HH and Y H final states. These include various extended Higgs sector models, warped extra-dimension models,
and heavy vector triplet models. The results from resonant H boson production searches are compared with results from
searches in other channels.

While all presented analyses assume the validity of the narrow-width approximation, a dedicated study of the impact
of finite width and interference is performed for the first time in CMS for the real singlet extension of the standard model.
This study shows the modification of the HH cross section and line shape in regions of the parameter space where the
narrow-width approximation is not valid anymore.

The expected sensitivity of the analyses in the HH and Y H final states is estimated for future data sets with integrated
luminosities of 300, 1000, and 3000 fb~', the last number corresponding to the baseline scenario of the High-Luminosity
LHC (HL-LHC) over its full lifetime. The expected upper limits for resonant HH production for the HL-LHC scenario range
from about 50 fb at a resonance mass of 300 GeV to nearly 0.01 fb for masses of 3 TeV and above. The exclusions in terms
of tan 8 in the hMSSM and Mﬁzﬁ.—r scenarios are expanded by almost a factor of two compared to the Run 2 data set.

This review shows how the specific strengths of many different experimental signatures can be combined to chart
very thoroughly the territory where resonant Higgs boson production might reveal beyond the standard model physics,
and gives a promising outlook towards the achievement potential of future measurements in this sector.
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Glossary

A, a: CP-odd Higgs bosons in extended Higgs sector models
ATLAS: A Toroidal LHC Apparatus

BDT: Boosted decision tree

BSM: Beyond the standard model

CL: Confidence level

CMS: Compact Muon Solenoid

CP : Charge-parity (symmetry)

CR: Control region

DDT: Designing decorrelated taggers (procedure)

DNN: Deep neural network

DT: Deep tau (identification algorithm)

DY: Drell-Yan (process)

ECAL: Electromagnetic calorimeter

EFT: Effective field theory

EW: Electroweak

G: Graviton

ggF: Gluon-gluon fusion (production process)

HCAL: Hadron calorimeter

HH: Higgs boson pair

HL-LHC: High-Luminosity Large Hadron Collider

hMSSM: Habeat MSSM (scenario)

HVT: Heavy vector triplet (model)

KK: Kaluza-Klein (graviton)

LHC: Large Hadron Collider

LO: Leading order

MC: Monte Carlo (simulation)

MSSM: Minimal supersymmetric standard model

MVA: Multi-variate analysis

NMSSM: Next-to-minimal supersymmetric standard model
NLO: Next-to-leading order

NN: Neural network

NWA: Narrow-width approximation

N2HDM: Next-to-minimal 2HDM

PF: Particle flow (method of reconstructing particle candidates)
pp: Proton-proton

PU: Pileup

PUPPI: Pileup-per-particle identification (algorithm)

QCD: Quantum chromo-dynamics

R: Radion (graviscalar in the RS model), also distance in (An, A¢) space
RS: Randall-Sundrum (model)

Run 2: The second run of the LHC, during the years 2015-2018
SD: Soft-drop (algorithm)

SM: Standard model

SR: Signal region

SUSY: Supersymmetry

J/s: The center-of-mass energy

TRSM: Two-real-singlet Model

UFO: Universal FeynRules output

V: Vector boson (W or z)

VBF: Vector boson fusion (production process)

VH: Vector plus Higgs boson (production process or decay channel)
WED: Warped extra dimensions (model)

2HDM: Two-Higgs-doublet Model

2HDM+S: Two-Higgs-doublet-plus-additional-singlet model
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