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Abstract: The discovery of the Higgs boson in 2012 provided confirmation of spontaneous elec-
troweak symmetry breaking as the mechanism by which fundamental particles gain mass and thus
completed the Standard Model of particle physics. Additionally, it opened a new approach to
searching for potential new particles. Many beyond the Standard Model theories predict new heavy
particles that couple to the Higgs boson, leading to a resonant production mode of Higgs boson pairs.
Other theories extend the Higgs sector by introducing additional scalar bosons that differ from the
observed Higgs boson only by mass. The ATLAS and CMS Collaborations have searched for evidence
of such processes using

√
s = 13 TeV Run 2 proton-proton collision data at the Large Hadron Collider.

This review article summarizes the latest experimental results from searches for resonant production
of pairs of Higgs bosons or additional Higgs-like scalar bosons at ATLAS and CMS.

Keywords: Higgs boson; DiHiggs; Beyond the Standard Model; extra scalar bosons

1. Introduction

The 2012 discovery of the Higgs boson (H) [1,2] provided the final missing piece of
the Standard Model (SM) of particle physics by confirming the mechanism of spontaneous
electroweak symmetry breaking to generate masses for fundamental particles. As with the
discovery of all new particles, the discovery of the Higgs boson has provided an important
new means of searching for evidence of new Beyond the Standard Model (BSM) physics
effects or additional heavy particles. Many BSM theories predict the existence of new
heavy particles that couple strongly to H, leading to the potential resonant production of
Higgs boson pairs (HH). The observation of such a resonant production would appear as
an excess in HH production over the SM prediction localized in the HH invariant mass
(mHH) spectrum.

An overview of searches for resonant production of scalar bosons by the ATLAS and
CMS Collaborations performed using

√
s = 13 TeV Run 2 proton-proton (pp) collision data

at the Large Hadron Collider (LHC) is presented here. The searches use either a partial
Run 2 dataset or the full Run 2 dataset. A comprehensive review of the status of theoretical
and experimental efforts related to searches for HH production was previously presented
in Reference [3]. The searches presented in this review include several updated results
since the comprehensive review.

In the descriptions of all searches provided in this review, the term “lepton” refers
to an electron (e) or a muon (µ), unless otherwise specified. Furthermore, notation varies
between analyses. Unless specified otherwise in an analysis-specific context, H refers to a
SM Higgs boson or the observed Higgs boson with a mass of approximately 125 GeV, S
refers to an additional scalar that has mass-dependent couplings similar to those of the
Higgs boson, and X refers to a heavy scalar.

The searches in this review all use simulated signal samples. Except where specified,
these simulated samples are generated assuming no interference with SM processes and
assuming 100% branching fractions into SM decay products. Scalar resonances simulated
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with these assumptions are referred to as “generic scalars” in this text. Resonances are
typically generated with a width that is smaller than detector resolution, and interference
effects from SM HH production are neglected.

2. Theoretical Models

A brief overview of several theoretical models that predict the resonant production of
scalar bosons is presented here. It is not meant to be a comprehensive list of models, but
covers the most relevant models for the experimental searches that are discussed. More
details on each model presented here can be found in the respective references.

In all UV complete renormalizable models, couplings of charge-parity-even (CP-even)
scalars (Hi) to vector bosons (V) are modified from those of the SM Higgs boson with the
sum rule

3

∑
i=1

c2(HiVV) = 1 (1)

imposed by unitarity constraints [4]. The coupling of the observed Higgs boson to vector
bosons is consistent with the SM predictions, resulting in strongly suppressed couplings
for the other scalars predicted by such models.

2.1. Resonant HH Production

There are many BSM theories that predict new heavy particles that can potentially be
created at the LHC and are expected to decay to HH. These new particles can either have a
spin of 0 or 2.

2.1.1. Singlet Models

The simplest extension of the SM Higgs sector is the addition of a real gauge singlet
scalar field [5–9]. In general, the singlet field mixes with the SM Higgs boson, resulting in
couplings to SM particles. After electroweak symmetry breaking, such extensions result
in two scalar bosons (H and X). Assuming mX > 2mH where mH ≈ 125 GeV, the mixing
can allow for X → HH decays, resulting in the resonant production of a pair of on-shell H.
Mixing between singlets and the SM doublet can result in significant interference effects in
the resonant and SM HH production modes [10]. Singlet benchmark models are discussed
in detail in References [3,11–13].

2.1.2. 2HDM

One of the most common BSM extensions to the Higgs sector is the addition of second
Higgs doublet, leading to a class of models referred to as Two-Higgs-Doublet Models
(2HDMs) [14,15]. There are several types of 2HDMs, classified by the couplings of each
Higgs doublet to fermions. In Type-I 2HDMs, one doublet couples to up- and down-type
quarks as well as charged leptons while the other doublet does not couple to fermions.
In Type-II 2HDMs, one doublet couples to up-type quarks, and the other couples to down-
type quarks and charged leptons. In lepton-specific 2HDMs, one doublet couples to all
quarks and the other couples to charged leptons. In flipped-type 2HDMs, one doublet
couples to up-type quarks and charged leptons, and the other couples to down-type quarks.
There are additionally Type-III 2HDMs in which both doublets couple to all fermions and
may or may not allow tree-level flavor changing neutral currents.

All 2HDM extensions of the SM result in a total of five Higgs bosons. If there is no
CP violation, these consist of two neutral CP-even scalars (H and X), a neutral CP-odd
pseudoscalar (A), and two charged bosons (H±). Typically, H is treated as the observed
Higgs boson with mH ≈ 125 GeV, and X is more massive and is often used as a benchmark
spin-0 resonance that decays to HH. If there is CP violation, the three neutral states mix to
form mass eigenstates with indefinite CP quantum numbers, one of which is identified as
the observed Higgs boson [16].
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Two free parameters are used in 2HDMs: the ratio of the vacuum expectation values
(vevs) of the two Higgs fields, denoted as tan β, and, in the case of CP conservation,
the mixing of the two neutral CP-even scalars, denoted as sin α.

2.1.3. MSSM

The simplest possible supersymmetric extension of the SM is the Minimal Supersym-
metric Standard Model (MSSM) [17,18], which introduces the minimum possible number of
new particles and interactions. In the MSSM, it is not possible for up-type and down-type
fermions to couple to the same Higgs doublet, requiring it to be a Type-II 2HDM.

The habemus MSSM (hMSSM) [19,20] refers to the MSSM when the observed Higgs
boson with mH ≈ 125 GeV is taken into account. As a result of this measurement, the MSSM
breaking scale is expected to be greater than 1 TeV, and the dominant radiative corrections
to the Higgs boson masses are fixed. The hMSSM is characterized by only two parameters,
tan β and the mass of the pseudoscalar, mA. Other variants of the MSSM that take the Higgs
boson mass measurement into account exist but are beyond the scope of this review.

2.1.4. RS Model

The Randall–Sundrum (RS) model [21] describes warped extra dimensions as a pro-
posed solution to the Hierarchy Problem. This is achieved through the introduction of a
small spatial dimension along which SM particles cannot propagate [22,23], a scenario that
is referred to as RS1. As a consequence, additional particles such as a spin-0 radion [24–27]
or the first Kaluza–Klein (KK) excitation of a spin-2 graviton (GKK) [28,29] are predicted.

The RS model is described by three parameters: the ultraviolet cutoff ΛR, the size of the
extra dimension l, and the warp factor constant κ. The warp factor of the theory is defined
as (e−κl), which appears in the space-time metric. The graviton case has an additional
dimensionless free parameter κ/MPl, where MPl is the effective four-dimensional reduced
Planck scale of 2× 1018 GeV. This parameter is sometimes denoted as c or k̃.

2.1.5. Resonant VBF HH Production

Most resonant HH production models and phenomenological studies assume heavy
scalar production via gluon–gluon fusion (ggF). However, in many models containing
extra scalars [30,31], vector boson fusion (VBF) is the dominant production mode. This
predominantly occurs in models in which the 125 GeV Higgs boson does not fully align with
fluctuations around the electroweak vacuum [32], with CP violation [33] or a significant
nondoublet component of the electroweak vacuum [34]. In singlet extensions of the Higgs
sector, VBF production becomes comparable to ggF production for heavy scalars with a
TeV mass scale.

2.2. Resonant SH and SS Production

Numerous theories predict extensions to the Higgs sector that result in additional
scalars with mass-dependent couplings to SM particles that are proportional to those of
the Higgs boson. Three models are introduced here. An overview and phenomenological
comparison of several additional models can be found in Reference [35].

2.2.1. NMSSM

The Next-to-Minimal Supersymmetric Standard Model (NMSSM) [36,37] is an ex-
tension of the MSSM that solves the µ-problem [38] of the MSSM and also resolves the
fine-tuning required by the Higgs boson. The NMSSM introduces a complex singlet super-
field that results in an additional scalar and an additional pseudoscalar.

2.2.2. TRSM

The Two Real Singlet Model (TRSM) [39] extends the SM Higgs sector with two real
singlets, which results in two new CP-even scalars. In the case that one or more of the
additional singlet fields has a vev of 0, the model provides dark matter candidates. If the
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additional fields have nonzero vevs, the new scalars and the SM Higgs boson couple to
each other as well as other SM particles. A sum rule applies to all couplings to SM particles,
resulting in the additional scalars having the same mass-dependent branching ratios as the
SM Higgs boson.

2.2.3. N2HDM

The Next-to-Minimal 2HDM (N2HDM) [40,41] is an extension of the CP-conserving
2HDM with an additional real singlet. In the broken phase, both doublets and the singlet
acquire nonzero vevs, resulting in three CP-even scalars that couple to one another. Model
parameters can be tuned to enhance various final states while remaining consistent with
precision LHC measurements.

3. Overview of Experimental Searches for Resonant HH Production

The ATLAS and CMS Collaborations have both performed numerous searches for
the resonant production of Higgs boson pairs using various spin-0 and spin-2 benchmark
models and multiple final states.

Searches are performed for ggF and VBF resonance production modes. Heavy scalar
bosons and Kaluza–Klein gravitons can both be produced via ggF, as shown in Figure 1.
Scalar bosons are produced via a quark loop and Kaluza–Klein gravitons are produced
directly through a coupling to gluons. Heavy scalar bosons can also be produced via VBF as
shown in Figure 2. Similar to Higgs boson VBF production, these events are characterized
by two jets with large pseudorapidity (η) from the scattered quarks and a rapidity gap with
minimal radiation. Except where explicitly stated, all analyses discussed in this review
search for the ggF production mode.
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Figure 1. Feynman diagrams depicting the ggF production mode for (a) a scalar resonance and (b)
a Kaluza-Klein graviton that subsequently decay into a pair of Higgs bosons. [42]
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Figure 2. Feynman diagram depicting VBF production mode of a scalar resonance that subse-
quently decays into a pair of Higgs bosons. [Image credit: J. Grundy]
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Figure 1. Feynman diagrams depicting the ggF production mode for (a) a scalar resonance and (b) a
Kaluza–Klein graviton that subsequently decay into a pair of Higgs bosons [42].
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Figure 2. Feynman diagram depicting VBF production mode of a scalar resonance that subsequently
decays into a pair of Higgs bosons. [Image credit: J. Grundy].

Multiple finals states are used in the searches presented here to make use of the
wide variety of Higgs boson decay modes with large branching ratios or clean signatures.
The HH branching ratios are determined from the known branching ratios of the SM Higgs
boson [13]. A summary of the branching ratios of the most important HH decay modes is
shown in Figure 3. Each final state has advantages and disadvantages that determine its
sensitivity across kinematic regimes. For a universally optimal search, a combination of
many final states is required.
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bb WW ττ ZZ γγ

bb 34%

WW 25% 4.6%

ττ 7.3% 2.7% 0.39%

ZZ 3.1% 1.1% 0.33% 0.069%

γγ 0.26% 0.10% 0.028% 0.012% 0.0005%

Figure 3. Branching ratios for the most important HH decay modes assuming SM couplings, calcu-
lated at NLO, from Reference [13]. [Image credit: K. Leney].

4. Searches for HH Production in the bb̄bb̄ Channel

The Standard Model Higgs boson decays predominantly to bb̄ with a branching ratio
of BR(H → bb̄) ≈ 58%. As a result, HH → bb̄bb̄ is the dominant HH decay mode with
a branching ratio of BR(HH → bb̄bb̄) ≈ 33%. This large branching ratio makes bb̄bb̄
an important search channel, especially for resonance masses above 1 TeV. The purely
hadronic signature results in a large multijet background that is mitigated through the use
of b-tagging methods to identify hadronic jets consistent with the decay of B-hadrons.

4.1. ATLAS bb̄bb̄ Searches

The ATLAS Collaboration has conducted two searches for resonant HH production in
the bb̄bb̄ final state using the full Run 2 dataset. This corresponds to 126–139 fb−1 of data
collected between 2015 and 2018. The analyses are designed to search for resonances in the
ggF and VBF production modes.

4.1.1. ATLAS ggF bb̄bb̄ Search

The first analysis [42] is a search for ggF resonant HH production, and the results are
interpreted in the context of spin-0 and spin-2 benchmark models. The heavy CP-even
neutral scalar in a 2HDM is used as the spin-0 benchmark model and is generated with
a narrow width that is much smaller than the detector resolution. The spin-2 benchmark
model is a Kaluza–Klein graviton with κ/MPl = 1 with a generated width ranging from
3% to 13% of the resonance mass.

Both resolved and boosted topologies are exploited to set limits on the two models
in the mass range from 251 GeV to 3 TeV. The resolved channel is used to search for
resonances in the mass range from 251 GeV to 1.5 TeV, and the boosted channel is used
to search for resonances in the mass range from 900 GeV to 3 TeV. Both channels are
statistically combined in the overlapping mass range.

In the resolved channel, pairs of H candidates are reconstructed from four anti-kt
R = 0.4 jets using a boosted decision tree (BDT). Events are split into 4b and 2b categories if
they contain at least four b-tagged or exactly two b-tagged jets. In the 4b category, the four
pT-leading b-tagged jets are used, and in the 2b category, the two b-tagged jets and the two
pT-leading non-b-tagged jets are used.
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Events are selected using a combination of triggers requiring one or two high-ET
b-tagged jets plus additional jets from 126 fb−1 of data collected between 2016 and 2018.
An upper bound cut is applied on the pseudorapidity separation between the two H candi-
dates to reduce the quantum chromodynamics (QCD) multijet background. Additionally,
a cut is applied to reject any events that are kinematically consistent with the hadronic
decay of a top quark.

Three regions are defined in the m(H1) − m(H2) plane, where m(H1) and m(H2)
denote the masses of the reconstructed Higgs boson candidates ordered in pT. The sig-
nal region (SR), control region (CR), and validation region (VR) are shown in Figure 4,
superimposed over data in the 2b category.
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Figure 4. Analysis region definitions of the ATLAS resolved bb̄bb̄ ggF analysis superimposed over
data from the full 2016–2018 dataset in the 2b category. The quantities m(H1) and m(H2) denote the
masses of the reconstructed Higgs boson candidates ordered in pT [42].

Following the event selection, the “corrected m(HH)” is constructed as the final
discriminating variable. This is performed by rescaling the four momenta of the two H
candidates to obtain m(H1) = m(H2) = 125 GeV.

The background after the selection cuts are applied is approximately 95% composed
of QCD multijet events and is estimated using a data-driven method. Other background
processes are ignored. A neutral network (NN) is used to estimate the background in the
4b SR from data in the 2b SR. The corrected m(HH) distribution in the 4b SR is shown in
Figure 5 for the background estimate, data, and several spin-0 signal hypotheses.
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Figure 5. Distribution of the corrected m(HH) for data, the background estimate, and select spin-0
signal hypotheses in the resolved 4b SR after the background-only fit. The background distribution
is shown with its total post-fit uncertainty. The error bars on the data points represent the Poisson
uncertainties corresponding to their event yields. The signal hypotheses are normalized to their
expected cross-section exclusion limits. The bottom panel shows the relative difference between the
data and background estimate [42].

In the boosted channel, two anti-kt R = 1.0 (large-R) jets are used to reconstruct
the two H candidates. The channel uses 139 fb−1 of data collected between 2015 and
2018. Events are selected using a combination of triggers that require at least one high-ET
large-R jet.

Events are required to contain at least two large-R jets with a mass of mJ > 50 GeV
and have at least one ghost-associated [43] variable radius track jet. The two pT-leading
large-R jets that satisfy the mass and track jet requirements are selected as the two H
candidates. An upper bound cut is applied on the pseudorapidity separation between the
two H candidates to reduce the QCD multijet background.

The events are split into three signal-enriched (high-tag) categories based on the
number of b-tagged track jets associated with each of the H candidates. The 4b category
requires each H candidate to have at least two associated b-tagged track jets. The 3b
category requires one H candidate to have at least two associated b-tagged track jets and
the other H candidate to have exactly one associated track jet. The 2b category requires
each H candidate to have exactly one associated b-tagged track jet. Each high-tag category
has an associated “low-tag” category that is used to estimate the background. Sketches of
H candidates in the high-tag and low-tag categories are shown in Figure 6.
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4b 3b 2b

2b-2f 2b-1f 1b-1f

Figure 6. Sketches of the three signal-enriched and three low-tag categories. The teal cones represents
the H candidate large-R jets, the yellow cones represent associated b-tagged track jets, and white
cones represent associated untagged track jets [42].

Similar to the resolved channel, the SR, CR, and VR are defined in the m(H1)−m(H2)
plane. The three regions are shown in Figure 7 superimposed over data from events from
the 3b “low-tag” category, denoted as 2b-1 f .
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Figure 7. Kinematic region definitions of the ATLAS boosted bb̄bb̄ ggF analysis superimposed over
data from the full 2015–2018 dataset in the 2b-2b categories. The quantities m(H1) and m(H2) denote
the masses of the reconstructed Higgs boson candidates ordered in pT [42].

The background after the selection cuts are applied is dominated by QCD multijet
events with a tt̄ contribution ranging from 10% to 30% of the background. Other processes
contribute ≤ 1% of the background and therefore are neglected. The tt̄ background is
estimated using Monte Carlo (MC) simulation with data-driven corrections. The QCD
multijet background is estimated using a data-driven technique.
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A normalization fit in the CR data is used to simultaneously derive normalization
factors for the QCD multijet and tt̄ backgrounds in each b-tagging category. A kinematic
reweighting procedure based on iterative splines is used to estimate the background in
the SRs from the “low-tag” categories. The m(HH) distributions in the 2b and 4b SRs are
shown in Figure 8 for the background estimate, data, and several spin-0 signal hypotheses.
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Figure 8. Distributions of m(HH) in the boosted (a) 2b and (b) 4b SRs after the background-only 
fit. The background distribution is shown with its total post-fit uncertainty. The error bars on the 
data points represent the Poisson uncertainties corresponding to their event yields. Select spin-0 
signal hypotheses are overlaid, normalized to a cross-section equal to the expected cross-section 
exclusion. The bottom panel shows the relative difference between the data and background 
model. [42]
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Figure 8. Distributions of m(HH) for data, the background estimates, and example signal hypotheses
in the boosted (a) 2b and (b) 4b SRs after the background-only fit. The backgrounds distribution are
shown with their total post-fit uncertainty. The error bars on the data points represent the Poisson
uncertainties corresponding to their event yields. The signal hypotheses are normalized to their
expected cross-section exclusion limits. The bottom panels show the relative differences between the
data and background estimates [42].

Systematic uncertainties are evaluated for both channels. The dominant source of
uncertainty for both is the data-driven background estimate. Several components are
evaluated to cover various aspects of the methods. Additionally, experimental uncertainties
are evaluated for the detector modeling, especially of hadronic jets and the b-tagging
methods. Finally, theoretical systematic uncertainties are evaluated on the renormalization
and factorization scales and parton showering for the signal. These are also varied for the
tt̄ background simulation along with the POWHEG damping parameter, which regulates
radiation at high transverse momentum.

A profile likelihood ratio test statistic is used to test the production cross-section
times branching ratio for the signal models. The likelihood fit is conducted in bins of
corrected m(HH) for the resolved channel and m(HH) for the boosted channel. Data are
fit separately in the resolved and boosted channels. All categories are fit simultaneously
in the boosted channel. In the boosted channel, the 2b category is only used for resonance
masses of at least 2 TeV. No significant excess over the background prediction is observed.

Upper limits on the production cross-section times branching ratio are set at the 95%
confidence level using the asymptotic CLs method [44]. The limits from both channels are
combined statistically in the resonance mass range of 900 GeV to 1.5 TeV. The combined
expected and observed limits are shown in Figure 9. The theoretical prediction for the
bulk RS model with κ/MPl = 1 is also shown. The model is excluded for masses between
298 and 1440 GeV.
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Figure 9. Expected and observed 95% confidence level limits on the production cross-section times 
branching ratio of resonant ggF HH production in the bb̄bb̄ final state using the full Run-2 ATLAS 
dataset. Limits are set on benchmark (a) spin-0 and (b) spin-2 models. Expected limits are shown 
individually for the resolved and boosted channels, as well as combined expected and observed 
limits. The ±1σ and ±2σ uncertainties on the expected limits are shown with the colored bands. 
The theoretical prediction for the RS model with κ/MPl = 1 is shown in (b). [42]

Figure 9. Expected and observed 95% confidence level limits on the production cross-section times
branching ratio of resonant ggF HH production in the bb̄bb̄ final state using the full Run 2 ATLAS
dataset. Limits are set on benchmark (a,(b). Expected limits are shown individually for the resolved
and boosted channels, as well as combined expected and observed limits. The ±1σ and ±2σ uncer-
tainties on the expected limits are shown with the colored bands. The theoretical prediction for th e
RS model with κ/MPl = 1 is shown in (b) [42].

4.1.2. ATLAS VBF bb̄bb̄ Search

The second analysis [45] is a search for VBF resonant HH production, and the results
are interpreted in the context of spin-0 resonance benchmark models. A Type II 2HDM [15]
with a width of 10–20% of the resonance mass is used as the broad resonance benchmark
mode. It is obtained by setting the ratio of the vacuum expectation values for the two Higgs
doublet to tan(β) = 2.0 and sin(β− α) = 0.6, where α is the mixing angle between the two
CP-even Higgs bosons. It should be noted that this parameter choice has been excluded by
a combination of Higgs boson measurements [46]. A generic scalar with a fixed width of
4 MeV is used as the narrow resonance benchmark model.
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The analysis uses resolved reconstruction techniques and sets limits on both models in
the mass range of 260 GeV to 1 TeV. Pairs of H candidates are reconstructed from b-tagged
central anti-kt R = 0.4 jets, and forward jets are used to select events with the VBF topology.

Events are selected using a combination of b-jet triggers requiring at least one or two
b-tagged jets from 126 fb−1 of

√
s = 13 TeV data collected between 2016 and 2018. Events

are required to have exactly four b-tagged central jets and at least two forward jets. The
two pT-leading forward jets with an opposite sign of η, referred toas VBF jets, are required
to have a large pseudorapidity separation and have an invariant mass greater than 1 TeV.

The four central b-tagged jets are paired into the three possible combinations to
construct the two H candidates. To be considered, each pairing is required to satisfy
requirements on the ∆R between each pair of jets. If there is more than one pairing that
satisfies the ∆R requirements, the pairing that results in invariant masses that are the most
consistent with two H is used.

Background events are suppressed with requirements designed to select signal-like
events. Requirements are placed on the pT of the vector sum of the jets, the pseudora-
pidity between the H candidates, and a variable (XWt) designed to reject events that are
kinematically consistent with the hadronic decay of a top quark.

Similar to the ggF analysis, three regions are defined in the mlead
2b −msubl

2b plane, where
mlead

2b and msubl
2b are the masses pT-leading and pT-subleading H candidates, respectively.

The SR, VR, and sideband region (SB) are shown in Figure 10 superimposed over the
multijet background estimate.
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Figure 10. Analysis region definitions of the ATLAS bb̄bb̄ VBF analysis superimposed over the
multijet background estimate. The quantities mlead

2b and msubl
2b denote the masses of the reconstructed

Higgs boson candidates ordered in pT [45].

Following the event selection, the background consists of 95% QCD multijet events
and 5% tt̄ events. The SM HH produced via ggF is also considered as a small source of
background events. Other background sources are neglected. The tt̄ and SM ggF HH
backgrounds are estimated using MC. The QCD multijet background is estimated using a
data-driven technique.

The QCD multijet background is estimated using data in a region identical to the SR but
with exactly two b-tagged central jets and at least two untagged central jets. Corrections are
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applied to account for kinematic differences due to the different b-tagged jet multiplicities,
following the procedure described in Reference [47].

The QCD multijet and all-hadronic tt̄ backgrounds are normalized with a simultaneous
fit of the XWt distributions to data in the SB. The non-all-hadronictt̄ and SM ggF HH
backgrounds are normalized to their SM predictions. The post-fit m4b distribution in the
SR is shown in Figure 11 for the background estimate, data, and signal hypotheses for a
narrow spin-0 resonance and SM VBF HH.
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Figure 11. Distribution of the m4b variable for data, the background estimate, a spin-0 signal hy-
pothesis, and a SM HH signal hypothesis in the SR after the background-only fit. The background
distribution is shown with its total post-fit uncertainty. The error bars on the data points represent
the Poisson uncertainties corresponding to their event yields. The signal hypotheses are normalized
to their expected cross-section exclusion limits. The bottom panel shows the ratio of the data to the
background estimate [45].

Systematic uncertainties are evaluated on the background estimate, theoretical pre-
dictions, and detector modeling. The QCD multijet background estimate is the source of
the dominant systematic uncertainties. The experimental modeling of the jet energy scale
and resolution also contribute significantly. The statistical uncertainty is larger than the
combined systematic uncertainty.

A profile-likelihood ratio test statistic is used to test the production cross-section times
branching ratio for the signal models. No significant excess over the background prediction
is observed.

Upper limits are set at 95% confidence level using the asymptotic CLs method with
m4b as the final discriminant. Figure 12 shows the limits for the narrow and broad spin-0
models in the resonance mass range from 260 GeV to 1 TeV.
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Figure 12. Expected and observed 95% confidence level limits on the production cross-section times
branching ratio of resonant VBF HH production in the bb̄bb̄ final state using the full Run 2 ATLAS
dataset. Limits are set on benchmark (a,b). The ±1σ and ±2σ uncertainties on the expected limits are
shown with the colored bands [45].

4.2. CMS bb̄bb̄ Searches

The CMS Collaboration has conducted two searches for ggF resonant HH production
in the bb̄bb̄ final state using Run 2 LHC data. The analyses are designed to search for
signal hypotheses with low masses and resolved topologies and with high masses and
boosted topologies.

4.2.1. CMS Resolved bb̄bb̄ Search

The first analysis [48] is a search for ggF resonant HH production with a resolved
topology using a partial Run 2 dataset corresponding to 35.9 fb−1 of data collected in 2016.

The search is interpreted in the context of narrow spin-0 and spin-2 benchmark models.
A bulk radion with ΛR = 3 TeV and κl = 35 is used as the spin-0 benchmark model and a
Kaluza–Klein graviton with κ/MPl = 0.5 and κl = 35 [49] is used as the spin-2 benchmark
model. Both benchmark models are generated with a width of 1 MeV. Limits are set on both
benchmark models in the mass range from 260 GeV to 1.2 TeV. The analysis is split into
the low-mass region (LMR) for resonance masses less than 580 GeV and the medium-mass
region (MMR) for resonance masses greater than 580 GeV.

Events are selected with a combination of two triggers that require at least four anti-kt
R = 0.4 jets, at least three of which are required to be b-tagged. After the trigger selection,
events are required to contain at least four b-tagged jets. The selected jets are paired to form



Symmetry 2022, 14, 260 14 of 66

two H candidates. The candidates are randomly assigned the indices 1 and 2 and have
masses mH1 and mH2 . Both H candidates are required to meet mass criteria in the LMR and
criteria on the ∆R separation of the constituent jets in the MMR. A variableR is defined to
show the consistency of event kinematics with those of HH events. If multiple pairs of H
candidates are found in an event, the pair that minimizesR2 is used.

A multivariate regression technique is used to correct the b-tagged jets’ pT, following
the procedures in References [50,51]. This improves the mass resolution of the reconstructed
H candidates from 10–13% to 6–12% as well as the mass scale. An additional correction is
applied to the b-tagged jet momenta to constrain the H candidate masses to be 125 GeV.
The impact of the regression and constraint on the resonance mass, reconstructed from the
two H candidates, for spin-2 resonances is shown in Figure 13.
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Figure 13. The reconstructed heavy resonance mass distribution for 450, 750, and 1000 GeV spin-2
mass hypotheses. The distributions are shown without any corrections, with the kinematic constraint
on mH applied and with the regression correcting b-tagged jet energy additionally applied. The
distributions are all normalized to have the same integral [48].

Two regions are defined in the mH1 −mH2 plane based onR. The SR and SB are shown
in Figure 14 superimposed over data from events in the MMR.
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Figure 14. Kinematic region definitions of the CMS resolved bb̄bb̄ analysis superimposed over data
from the 2016 dataset in the MMR. The quantities mH1 and mH2 denote the masses of the reconstructed
Higgs boson candidates [48].
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The signal and background are both estimated in the SR using parametric models,
fit separately in the LMR and MMR. The signal parametric models are obtained using
a Gaussian function in the MMR and the sum of two Gaussian functions in the LMR fit
to the simulated distribution of the reconstructed resonance mass mX. The background
consists primarily of QCD multijet events with a 10–15% contribution from tt̄, which
has an mX shape similar to that of the QCD multijet background. The parametric model
used to describe the background is fit to the mX distribution of data in control regions
consisting of the SB as well as events in both the SR and SB in which one of the four
jets used to reconstruct mX fails the b-tagging criteria. The LMR is split into LMR1 with
mX ∈ [260, 310] GeV and LMR2 with mX ∈ [310, 580] GeV. The mX distributions for data in
the SR and the background model for LMR1 and MMR are shown in Figure 15.
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Figure 15. Distribution of mX for data in the SR and the background estimate for the (a) LMR1
and (b) MMR. The number of degrees of freedom in each fit to the background-only hypothesis is
given as n. The error bars on the data points represent the Poisson uncertainties corresponding to
their event yields. The lower panels show the difference between the data and fits, normalized by
the uncertainty in the number of data events. [48]
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Figure 15. Distribution of mX for data in the SR and the background estimate for the (a,b). The
number of degrees of freedom in each fit to the background-only hypothesis is given as n. The error
bars on the data points represent the Poisson uncertainties corresponding to their event yields. The
lower panels show the difference between data and the fits, normalized by the uncertainty in the
number of data events [48].

Systematic uncertainties are evaluated on the background estimate, the choice of PDF,
and modeling of the detector response.

The production cross-section times branching ratio for the signal models is tested in
bins of mX . No significant excess over the background prediction is observed. The upper
limits on the production cross-section times branching ratio are set on both models at 95%
CL using the CLs method. The limits are shown in Figure 16. The theoretical predictions
for a bulk radion with ΛR = 3 TeV and κl = 35 and for a Kaluza–Klein graviton with
κ/MPl = 0.5 and κl = 35 are also shown. The bulk radion model is excluded in the mass
ranges of [260, 280] GeV, [300, 450] GeV and [480, 1120] GeV. The Kaluza–Klein graviton
model is excluded in the mass ranges of [320, 450] GeV and [480, 720] GeV.
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Figure 16. Expected and observed 95% confidence level limits on the production cross-section 
times branching ratio of resonant ggF HH production in the bb̄bb̄ final s tate with a  resolved 
topology using the 35.9 fb−1 CMS dataset. Limits are set on benchmark (a) spin-0 and (b) spin-2 
models. A discontinuity is shown at 580 GeV due to the transition between the LMR and the 
MMR. The ±1σ and ±2σ uncertainties on the expected limits are shown with the colored bands. 
Theoretical predictions are shown for (a) a bulk radion with ΛR = 3 TeV and κl = 35 and (b) a 
Kaluza-Klein graviton with κ/MPl = 0.5 and κl = 35. [48]

Figure 16. Expected and observed 95% confidence level limits on the production cross-section times
branching ratio of resonant ggF HH production in the bb̄bb̄ final state with a resolved topology using
the 35.9 fb−1 CMS dataset. Limits are set on benchmark (a,b). A discontinuity is shown at 580 GeV
due to the transition between the LMR and the MMR. The±1σ and±2σ uncertainties on the expected
limits are shown with the colored bands. Theoretical predictions are shown for (a) a bulk radion with
ΛR = 3 TeV and κl = 35 and (b) a Kaluza–Klein graviton with κ/MPl = 0.5 and κl = 35 [48].

4.2.2. CMS Boosted bb̄bb̄ Search

The second analysis [52] is a search for ggF resonant HH production with a boosted
topology using the full Run 2 dataset. This corresponds to 138 fb−1 of data collected
between 2015 and 2018.

The search is interpreted in the context of narrow spin-0 and spin-2 benchmark models.
A bulk radion with ΛR = 3 TeV and κl = 35 is used as the spin-0 benchmark model, and
a Kaluza–Klein graviton with κ/MPl = 0.5 and κl = 35 is used as the spin-2 benchmark
model. Both benchmark models are generated with a width of 1 MeV. Limits are set on
both benchmark models in the mass range from 1 to 3 TeV. The analysis is split into the
fully-boosted category where both H → bb̄ are reconstructed with large-R jets and the
semiresolved category where one H → bb̄ is reconstructed with a large-R jet and the other
is reconstructed with two anti-kt R = 0.4 jets.

Events are selected with a combination of triggers that require hadronic jets. The first
trigger requires a high scalar sum of the pT of all anti-kt R = 0.4 jets in the event (HT).
The second trigger requires a large HT and a pair of jets with an invariant mass greater
than 900 GeV and a small psuedorapidity separation. The third trigger requires an anti-kt
R = 0.8 jet with a mass of at least 30 GeV.

Events in the fully-boosted category are required to have at least two anti-kt R = 0.8
jets, the pT-subleading of which is required to have a mass between 110 and 140 GeV. The
DeepAK8 tagger [53] is used to identify large-R jets as coming from H → bb̄ decays. The
tagger provides either loose or tight thresholds, leading to two signal regions, one in which
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both large-R jets pass the tight criteria and the other in which both jets pass at least the
loose criteria and no more than one jet passes the tight criteria.

Events in the semiresolved category are required to have at least one anti-kt R = 0.8
jet that passes the DeepAK8 tight threshold and at least two b-tagged anti-kt R = 0.4 jets.
Events are required to have at least one pair of b-tagged R = 0.4 jets where both jets are
∆R > 0.8 from the H → bb̄ large-R jet and are within ∆R < 1.5 from each other. If multiple
pairs of b-tagged R = 0.4 jets satisfy this criteria, the pair with the largest sum of b-tagging
scores is selected as the resolved H → bb̄ candidate. This is first tried with the pT-leading
large-R jet and if no pairs are found, it is tried with the pT-subleading large-R jet. The
large-R jet that leads to a successful pairing is identified as the boosted H → bb̄ candidate.
If no pair is found, the event is rejected. The invariant mass of the selected pair of R = 0.4
jets is required to be 90 GeV < mjj < 140 GeV.

A modified “reduced” invariant mass of the HH system, mred, is used in place of the
direct invariant mass of the selected jets. The reduced mass is defined as

mred = mJ J −mJ1 −mJ2 + 2mH (2)

for the boosted category where mJ J is the invariant mass of the two H → bb̄ large-R jets and
mJ1 and mJ2 are the masses of the individual large-R jets. For the semiresolved category,
the reduced mass is defined as

mred = mJ jj −mJ −mjj + 2mH (3)

for the boosted category where mJ jj is the invariant mass of the two H → bb̄ candidates,
mJ is the mass of the H → bb̄ large-R jet, and mjj is the invariant mass of the H → bb̄
R = 0.4 jet pair. Events in both categories are required to have mred > 750 GeV. Addition-
ally, a maximum pseudorapidity separation requirement is imposed on the two H → bb̄
candidates.

The background consists almost entirely of QCD multijet and tt̄ events, both of which
are estimated using data-driven methods that also make use of simulation. The QCD
multijet background estimate is based on the ratio of events whose pT-leading large-R jet
passes the DeepAK8 tagging criteria to events whose whose pT-leading large-R jet fails the
tagging criteria. The ratio is found using simulation and corrected using data outside the
mass window requirement on the pT-subleading large-R jet or R = 0.4 jet pair to predict
the background as a function of mred. The tt̄ background is estimated using simulation
that is fit to data in dedicated control regions that shift the mass window requirements to
contain the top quark mass peak. Slices of the mJ −mred plane for data, the background
estimate, and a signal hypothesis are shown in Figure 17.
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Figure 17. Slices of the mJ −mred distributions for data, the background estimate and the spin-0
mX = 1.5 TeV signal hypothesis projected onto the (a) mJ and (b) mred axes. The hatched bands
represent the total uncertainty. The error bars on the data points represent the Poisson uncertainties
corresponding to their event yields. The lower panels show the difference between data and the
background estimate normalized by the total uncertainty. [52]
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Figure 17. Slices of the mJ − mred distributions for data, the background estimate, and the spin-0
mX = 1.5 TeV signal hypothesis projected onto the (a) mJ and (b) mred axes. The hatched bands
represent the total uncertainty. The error bars on the data points represent the Poisson uncertainties
corresponding to their event yields. The lower panels show the difference between data and the
background estimate normalized by the total uncertainty [52].
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Systematic uncertainties are evaluated on the background estimate, the choice of PDF,
and modeling of the detector response. The dominant uncertainties come from the tt̄
cross-section and the QCD multijet background estimate.

A two-dimensional likelihood fit is performed in the mJ −mred plane. No significant
excess over the background prediction is observed. The upper limits on the production
cross-section times branching ratio are set on both models at 95% CL using the CLs method.
The limits are shown in Figure 18. The theoretical predictions for a bulk radion with
ΛR = 3 TeV and κl = 35 and for a Kaluza–Klein graviton with κ/MPl = 0.5 and κl = 35
are also shown. The bulk radion model is excluded in the mass range of [1, 2.6] TeV. The
Kaluza–Klein graviton model is excluded in the mass range of [1, 1.2] TeV.
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Figure 18. Expected and observed 95% confidence level limits on the production cross-section 
times branching ratio of resonant ggF HH production in the bb̄bb̄ final s tate w ith a  boosted 
topology using the 35.9 fb−1 CMS dataset. Limits are set on benchmark (a) spin-0 and (b) spin-2 
models. The ±1σ and ±2σ uncertainties on the expected limits are shown with the colored bands. 
Theoretical predictions are shown for (a) a bulk radion with ΛR = 3 TeV, κl = 35 and a branching 
fraction B(X → bb̄bb̄) = 23% and (b) a Kaluza-Klein graviton with κ/MPl = 0.5, κl = 35 and 
B(X → bb̄bb̄) = 10%. [48]

Figure 18. Expected and observed 95% confidence level limits on the production cross-section times
branching ratio of resonant ggF HH production in the bb̄bb̄ final state with a boosted topology using
the 35.9 fb−1 CMS dataset. Limits are set on benchmark (a,b). The ±1σ and ±2σ uncertainties on
the expected limits are shown with the colored bands. Theoretical predictions are shown for (a)
a bulk radion with ΛR = 3 TeV, κl = 35 and a branching fraction B(X → bb̄bb̄) = 23% and (b) a
Kaluza–Klein graviton with κ/MPl = 0.5, κl = 35 and B(X → bb̄bb̄) = 10% [48].

4.3. Discussion of bb̄bb̄ Searches

ATLAS and CMS both performed searches in the bb̄bb̄ channel using resolved and
boosted topologies. For low resonance masses, the bb̄bb̄ channel presents the challenges of
a large QCD multijet background and a roughly isotropic resolved signal topology that is
difficult to distinguish from background. For high resonance masses, however, the large
bb̄bb̄ branching ratio can be efficiently exploited using boosted topologies.
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In the resolved topology, the greatest difficulty comes from pairing b-tagged jets to
form two H candidates. This pairing is necessary to provide kinematic features that can
be used to separate signal from background. As shown in Figure 10, algorithms with
strong mH requirements, such as the one used in the ATLAS VBF search, can sculpt the
background distribution to peak exactly in the signal region. The use of machine learning
techniques to pair the jets, such as in the ATLAS resolved ggF search, can help to reduce this
sculpting while maintaining a good signal reconstruction efficiency. As shown in Figure 4,
this can result in less severe sculpting of the background estimate with a broad peak
partially overlapping with the signal region. The MMR in the CMS resolved search uses a
∆R requirement to determine the pairing strategy, which does not sculpt the background
significantly. As shown in Figure 14, this results in a smooth data distribution, consisting
primarily of QCD multijet background events.

The use of large-R jets in the boosted topology significantly simplifies the reconstruc-
tion and identification of H → bb̄ candidates. Particle-flow large-R jets identified with the
constituent-based DeepAK8 algorithm used by CMS and calorimeter-based large-R jets
with b-tagged track jets used by ATLAS both provide excellent performance.Additionally,
the simple reconstruction of using two large-R jets or one large-R jet plus two b-tagged
small-R jets does not appreciably sculpt the background estimate as shown in Figures 7 and 17.

As shown in Figure 9, there is a significant range of resonance masses for which
boosted and resolved reconstruction techniques are comparably sensitive. Ensuring orthog-
onality between the selection criteria and combining the two analysis techniques in the
region of overlap can result in significantly stronger limits than either topology alone.

5. Searches for HH Production in the bb̄τ+τ− Channel

The bb̄τ+τ− channel is the most sensitive to search for resonances with masses around
500 GeV decaying to HH. The large branching ratio of H → bb̄ combined with the rela-
tively large branching ratio and unique signature of H → τ+τ− ensures a good signal-to-
background ratio. Both leptonically and hadronically decaying τ leptons are used to ensure
nearly complete coverage of final states. The backgrounds in this channel primarily consist
of events with a top quark, a Z boson, or one or more hadronic jets misidentified as an
electron, muon, or hadronically decaying τ lepton.

5.1. ATLAS bb̄τ+τ− Searches

The ATLAS Collaboration has conducted two searches for ggF resonant HH produc-
tion in the bb̄τ+τ− final state using the full Run 2 dataset of 139 fb−1 of data collected
between 2015 and 2018. The first analysis uses resolved topologies to search for resonance
masses between 251 GeV and 1.6 TeV. The second analysis uses boosted topologies to search
for resonance masses between 1 and 3 TeV.

5.1.1. ATLAS Resolved bb̄τ+τ− Search

The first analysis [54] is a search for ggF resonant HH production with a resolved
topology in the τhadτhad and τlepτhad channels. The search is interpreted in the context of a
generic narrow spin-0 benchmark model. The signal samples are generated with a width of
10 MeV. Limits are set on the benchmark model in the mass range from 251 GeV to 1.6 TeV.

The analysis is split into two channels based on the decay mode of the τ+τ− system.
The channel in which both τ leptons decay hadronically (τhad) is referred to as τhadτhad and
the channel in which one τ lepton decays hadronically and the other decays leptonically
(τlep) is referred to as τlepτhad. The presence of a τhad is indicated by the presence of its
visible decay products (τhad-vis).

Events in the τhadτhad channel are selected using a combination of triggers that require
either one or two τhad-vis. The triggers used between 2016 and 2018 that require two τhad-vis
also require one or two anti-kt R = 0.4 jets. Additionally, events are required to have
exactly two τhad-vis with opposite electric charge and exactly two b-tagged anti-kt R = 0.4
jets. Events are rejected if they contain an electron or muon. The invariant mass of the di-τ
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system (mMMC
ττ ) is estimated using the Missing Mass Calculator (MMC) [55], which uses

both τhad-vis and Emiss
T with the assumption that Emiss

T is exclusively from the neutrinos
from the τ lepton decays. Events are required to have mMMC

ττ > 60 GeV.
Events in the τlepτhad channel are selected using a combination of single-lepton triggers

(SLTs) that require a single lepton and lepton-plus-τhad-vis triggers (LTTs) that require a
single lepton and a τhad-vis. The LTTs used in 2017 and 2018 one or two jets. Events are
split into the SLT and LTT categories based on the triggers used to select them. If an event
passes SLT and LTT requirements, it is removed from the LTT category. Events in both
categories are required to have exactly one electron or muon, a τhad-vis with opposite electric
charge to the lepton, and exactly two b-tagged anti-kt R = 0.4 jets. The MMC is used to
estimate the di-τ mass from the τhad-vis, the lepton, and Emiss

T . Events are required to have
mMMC

ττ > 60 GeV. Additionally, events are required to have an invariant mass of the two
b-tagged jets of mbb̄ < 150 GeV.

The backgrounds in both channels are estimated using a combination of simulation
and data-driven methods. The primary backgrounds come from top quark, Z+jets, W+jets,
diboson, single Higgs boson, and QCD multijet processes. These backgrounds contain
τhad-vis originating from a τhad decay (true τhad-vis), from a misidentified quark- or gluon-
initiated jet (fake τhad-vis), or from a misidentified lepton. Background events with true
τhad-vis and misidentified leptons as well as background with fake τhad-vis other than tt̄
and QCD multijet are estimated using simulation. The normalizations of the tt̄ and Z plus
heavy flavor jets (Z+HF) backgrounds are derived using a dedicated control region.

The QCD multijet and tt̄ backgrounds containing one or more fake τhad-vis are es-
timated using data-driven methods. In the τlepτhad channel, the QCD multijet and tt̄
backgrounds are estimated using a fake factor method. Fake factors are found separately
for each background process using dedicated control regions. In the τhadτhad channel,
two different data-driven methods are used for the QCD multijet and tt̄ backgrounds.
The QCD multijet background is estimated using a fake factor method similar to the one
used in the τlepτhad channel. The tt̄ background with fake τhad-vis in the τhadτhad channel
is estimated using simulation with corrections derived from data in the tt̄ control region
from the τlepτhad data-driven background estimate. The mHH distributions for the τhadτhad
and τlepτhad SLT categories are shown in Figure 19 for the background estimate, data, and
several signal hypotheses.
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Figure 19. Distributions of mHH in the (a) τhadτhad and (b) τlepτhad SLT categories after the
background-only fit. The background distribution is shown with its total post-fit uncertainty. The
error bars on the data points represent the Poisson uncertainties corresponding to their event
yields. Select signal hypotheses are overlaid, normalized to a cross-section of 1 pb, as well as the
SM HH production hypothesis scaled by a factor of 100. The bottom panel shows the relative
difference between the data and background model. [54]
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Figure 19. Distributions of mHH for data, the background estimates, and example signal hypotheses
in the (a) τhadτhad and (b) τlepτhad SLT categories after the background-only fit. The background
distribution is shown with its total post-fit uncertainty. The error bars on the data points represent
the Poisson uncertainties corresponding to their event yields. The spin-0 signal hypotheses are
normalized to a cross-section of 1 pb, and the SM HH signal hypothesis scaled by a factor of 100.
The bottom panels show the ratio of the data to the background estimates [54].
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Parameterized neural networks (PNNs) are used to distinguish signal from back-
ground. The PNNs are parameterized in the mass of the resonance hypotheses, providing
good sensitivity and continuity over the range of resonance mass hypotheses. The PNNs are
trained using the simulated signal as well as the sum of all background estimates normal-
ized to their SM cross-sections. All backgrounds, including those containing fake τhad-vis,
are modeled for the training using simulation, except for the QCD multijet background in
the τhadτhad channel, which is estimated using the data-driven technique described above.
The PNNs are trained using a variety of kinematic variables including mHH , mMMC

ττ , mbb̄,
and angular information about all of the decay products. The distributions of PNN outputs
in the τhadτhad channel for two signal mass hypotheses are shown in Figure 20.
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Figure 20. Distributions of the PNN output scores for (a) mX = 500 GeV in the τhadτhad channel 
and (b) mX = 1 TeV in the τhadτhad channel, the background estimate and the signal hypothesis. 
The error bars on the data points represent the Poisson uncertainties corresponding to their event 
yields. The signal hypotheses are scaled to the combined expected limit. The lower panels show the 
ratio between data and the post-fit background and the hatched band shows the total uncertainty 
on the background estimate. [54]
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Figure 21. Expected and observed 95% confidence level limits on the production cross-section
times branching ratio of resonant ggF HH production in the resolved bb̄τ+τ− channel using the
full Run 2 ATLAS dataset. Limits are shown for the τhadτhad and τlepτhad channels as well as the
statistical combination of the channels. The ±1σ and ±2σ uncertainties on the combined expected
limits are shown with the colored bands. [54]

Figure 20. Distributions of the PNN output scores for (a) mX = 500 GeV in the τhadτhad channel
and (b) mX = 1 TeV in the τhadτhad channel, the background estimates, and the signal hypotheses.
The error bars on the data points represent the Poisson uncertainties corresponding to their event
yields. The signal hypotheses are normalized to their combined expected cross-section exclusion
limits. The lower panels show the ratio between data and the post-fit background estimates, and the
hatched band shows the total uncertainty on the background estimate [54].

The dominant uncertainty is the statistical uncertainty of data. Systematic uncertainties
are evaluated on the modeling of the detector response, modeling of the tt̄, Z+jets and
single Higgs boson background simulations, the data driven background estimates, and
the choice of PDF and parton shower simulation used for the signal hypotheses.

A simultaneous binned maximum-likelihood fit is performed to the PNN output
distributions in the τhadτhad channel and both τlepτhad categories and to the m`` distribu-
tion in the control region used for the tt̄ and Z+HF normalizations. The tt̄ and Z+HF
normalizations are free parameters in the fit. The binnings of the PNN output distributions
are chosen to minimize the number of bins while maximizing the expected sensitivity and
ensuring the stability of the fit.

The upper limits on the production cross-section times branching ratio are set at 95%
CL using the asymptotic CLs method and are shown in Figure 21. Limits are shown for
the τhadτhad and the τlepτhad channels separately as well as combined. A broad excess is
observed in both channels in the signal mass range 700 GeV < mX < 1.2 TeV. The most
significant combined excess is at a signal hypothesis mass of 1 TeV with a local significance
of 3.0 σ and a global significance of 2.0+0.4

−0.2 σ. A deficit is observed in the τlepτhad channel in
the low-mass region with the largest deficit at a mass of 280 GeV with a local significance
of 2.4 σ. Neither the excess at 1 TeV nor the low-mass deficit are reflected in the mHH
distributions shown in Figure 19.



Symmetry 2022, 14, 260 22 of 66

400 600 800 1000 1200 1400 1600

 [GeV]Xm

10

210

310 H
H

) 
[f

b
]

→
 X

 
→

 (
p

p
 

σ
9

5
%

 C
L

 l
im

it
s
 o

n
 

ATLAS Preliminary
­1 = 13 TeV, 139 fbs

Comb. Exp.  Exp.
had

τ
lep

τ

Comb. Obs.  Obs.
had

τ
lep

τ

σ1±Comb. Exp.  Exp.
had

τ
had

τ

σ2±Comb. Exp.  Obs.
had

τ
had

τ

Figure 21. Expected and observed 95% confidence level limits on the production cross-section times
branching ratio of resonant ggF HH production in the resolved bb̄τ+τ− channel using the full Run 2
ATLAS dataset. Limits are shown for the τhadτhad and τlepτhad channels as well as the statistical
combination of the channels. The ±1σ and ±2σ uncertainties on the combined expected limits are
shown with the colored bands [54].

5.1.2. ATLAS Boosted bb̄τ+τ− Search

The second analysis [56] is a search for high-mass ggF resonant HH production using
a novel reconstruction technique for boosted final states in the τhadτhad channel. The search
is interpreted in the context of a generic narrow spin-0 benchmark model. The signal
samples are generated with a width of that is much smaller than the detector resolution.
Limits are set on the benchmark model in the mass range from 1 to 3 TeV.

A novel technique is used to reconstruct and identify boosted H → τhadτhad decays
such that the hadronic decay products overlap in the detector and cannot be distinguished
using standard τhad reconstruction. In this method, a di-τ object is reconstructed from an
ungroomed anti-kt R = 1.0 jet with pT > 300 GeV. The constituents of the large-R jet are
reclustered into anti-kt R = 0.2 subjets, the two pT-leading of which are used to reconstruct
the di-τ system. Tracks are matched to the subjets and are referred to as “τ tracks”. Other
tracks associated to the large-R jet are referred to as “isotracks”. All tracks are required
to pass criteria on their association to the primary vertex. The charge of each subjet is
defined as the sum of the charge of the τ-tracks, and the charge product of the di-τ object
is the product of the charges of the two subjets. An illustration of a di-τ object is shown
in Figure 22.

Figure 22. Illustration of a di-τ object. The blue cone is the large-R jet that seeds the reconstruction.
The two yellow cones are the two pT-leading subjets. The tracks associated to the leading subjets
are labeled τ tracks, and the remaining tracks associated to the large-R jet are labeled isotracks.
The impact parameter of a track to the primary vertex in the transverse plane is labeled d0 [56].
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Requirements are placed on di-τ objects to identify boosted H → τ+τ− decays. Both
of the pT-leading subjets are required to have either one or three associated tracks within
∆R < 0.1 to separate τhad decays from hadronic jets. Additionally, a BDT is trained
to differentiate between H → τ+τ− and quark- or gluon-initiated jets. The BDT uses
information about the τ tracks, isotracks, pT-leading subjets, and large-R jet. A cut is
implemented on the BDT output to have an approximately 60% signal efficiency.

Events are selected using triggers that require one high-pT large-R jet. Additionally,
events are required to contain at least two large-R jets, at least one of which is a di-τ object.
If multiple di-τ objects exist, the one with the highest pT is selected as the H → τ+τ−

candidate. The H → τ+τ− candidate is required to have no more than three subjets, and
the pT-leading subjets are required to be within ∆R < 0.8 of each other. The two pT-leading
subjets are also required to have charges whose product is ±1. Events are also required
to have a large-R jet with a mass larger than 50 GeV and separated from the H → τ+τ−

candidate by ∆R > 1.0 to reconstruct the boosted H → bb̄ decay. Finally, events have a
minimum Emiss

T requirement and are vetoed if they contain an electron, a muon, or more
than one b-tagged large-R jet.

Three signal regions, two control regions, and three validation regions are defined
based on the charge product of the H → τ+τ− candidate, the number of b-tagged track jets
in the H → bb̄ jet, the |∆φ| between the Emiss

T and the H → τ+τ− candidate, the mass of the
H → bb̄ jet, and the reconstructed mass of the visible HH system mvis

HH . The signal regions
are defined with a charge product of −1, exactly two b-tagged track jets in the H → bb̄
jet, |∆φ| < 1.0 between Emiss

T and the H → τ+τ− candidate, and an H → bb̄ jet mass
between 60 and 160 GeV. The signal regions are split by mvis

HH . For signal hypotheses with
mX ≤ 1.6 TeV, no requirement is placed on mvis

HH . For signal hypotheses with mX ≥ 1.6 TeV,
mvis

HH is required to be at least 900 GeV, and for mX ≥ 2.5 TeV, mvis
HH is required to be at least

1.2 TeV. The signal hypotheses with mX = 1.6 and 2.5 TeV are each evaluated with both
mvis

HH requirements that are relevant.
Following the signal region requirements, the primary backgrounds come from QCD

multijet with hadronic jets misidentified as di-τ objects as well as ZH and Z+jets events
with Z → τ+τ− decays. The QCD multijet background is estimated with a data-driven
technique that uses a control region in which the di-τ candidate has a charge product of
+1 and is validated in two validation regions. The Z+jets background is estimated using
simulation with a normalization derived from data in a control region with zero b-tagged
track jets and validated in a validation region. An additional normalization is derived for
Z+jets events with heavy-flavor jets from data in a control enriched with Z → `+`− events
where ` is either an electron or a muon. Other background processes including W+jets,
diboson, and events containing top quarks are estimated using simulation.

The distribution of mvis
HH in the signal region without any requirement on mvis

HH is
shown in Figure 23 for data, the background estimate, and two signal hypotheses.

The primary systematic uncertainties come from the data-driven background estimates.
Additional systematic uncertainties are evaluated on the signal modeling including the
choice of PDF and parton shower modeling. Other systematic uncertainties are found to be
negligible compared to the statistical uncertainty.

A single bin profile-likelihood fit is conducted for each signal hypothesis. No sig-
nificant excesses are observed over the predicted background. The upper limits on the
production cross-section times branching ratio are set at 95% CL using the CLs method and
are shown in Figure 24.

5.2. CMS bb̄τ+τ− Searches

The CMS Collaboration has conducted two searches for ggF resonant HH production
in the bb̄τ+τ− final state using a partial Run 2 dataset of 35.9 fb−1 of data collected in
2016. The first analysis uses resolved topologies to search for resonance masses between
250 and 900 GeV. The second analysis uses boosted topologies to search for resonance
masses between 1 and 4 TeV.
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HH .
The signal hypotheses at both points are each evaluated with the mvis

HH requirement used on both
sides [56].

5.2.1. CMS Resolved bb̄τ+τ− Search

The first analysis [57] is a search for ggF resonant HH production with a resolved
topology in the τhadτhadand τlepτhad channels. The search is interpreted in the context of a
generic narrow spin-0 benchmark model S. The signal samples are generated with a width
that is much smaller than the detector resolution. Limits are set on the benchmark model
in the mass range from 250 to 900 GeV.

The analysis is split into three channels based on the decay mode of the τ+τ− system.
The channel in which both τ leptons decay hadronically (τhad) is referred to as τhadτhad;
the channels in which one τ lepton decays hadronically and the other decays leptonically
are referred to as τeτhad and τµτhad, depending on the flavor of the lepton, or τlepτhad when
discussed inclusively. The presence of a τhad is indicated by the presence of its visible decay
products (τhad-vis).

Events in the τhadτhad channel are selected using a trigger that requires two τhad-vis.
Triggers that require a single lepton are used to select events in the τlepτhad channels. Events
in the τlepτhad channels are required to have one isolated lepton and one τhad-vis, while
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events in the τhadτhad channel are required to have two τhad-vis. The τhad-vis in all channels
are required to pass isolation criteria. Additionally, the visible decay products of the two
τ leptons (τhad-vis or lepton) are required to have opposite sign electric charges. Finally,
events are required to contain either two anti-kt R = 0.4 jets, at least one of which is
b-tagged, or one b-tagged anti-kt R = 0.8 jet with at least two subjets and a mass larger
than 30 GeV. If an event has a large-R jet meeting the criteria, it is categorized as boosted;
otherwise, it is categorized as resolved. Events in the resolved category are divided into
those with exactly one b-tagged jet and those with at least two b-tagged jets and are further
split into low-mass and high-mass categories optimized for signal hypotheses with masses
less than and greater than 350 GeV.

The invariant masses of the bb̄ system (mbb̄) and the τ+τ− system (mττ) are recon-
structed. In the resolved category, mbb̄ is reconstructed from the two selected jets, and
in the boosted category, it is reconstructed from the selected large-R jet. In all channels,
mττ is reconstructed from the τ lepton visible decay products using the SVFit method [58].
Events in the resolved category are required to satisfy requirements that mbb̄ and mττ are
consistent with mH .

The primary background processes are tt̄, Z/γ∗ → τ+τ−, and QCD multijet produc-
tion. The tt̄, single Higgs boson, W+jets, and diboson backgrounds are estimated using
simulation. The Z/γ∗ → τ+τ− background is estimated using simulation with corrections
derived from data in control regions enriched with Z → µ+µ− decays. The QCD multijet
background is estimated using data in control regions in which τ lepton visible decay
products fail the isolation criteria and events have same-sign pairs of τhad-vis and leptons.

Two BDTs are used to discriminate signal from background in the τlepτhad channels
in the low- and high-mass categories. The BDTs are trained separately for each category
using eight variables that consist of angular separations between particles, Emiss

T , and
multiparticle systems as well as the transverse mass of the Emiss

T plus the τhad-vis or lepton.
A kinematic fit [59] is used to reconstruct an invariant mass mKinFit

HH by minimizing a function
of the b-jet energy, and the pT balance of the selected jets, τ lepton visible decay products,
and Emiss

T . Figure 25 shows the distributions of mKinFit
HH for data, background, and signal

hypotheses in the low-mass resolved and boosted categories.
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The dominant systematic uncertainties come from the QCD multijet background es-
timate, the cross-section of the simulated backgrounds, and the modeling of the detector
response for τ leptons. Systematic uncertainties are additionally evaluated on the detec-
tor response modeling for other particles, the lepton trigger modeling, and theoretical
uncertainties on the signal simulation.

A simultaneous binned maximum-likelihood fit is performed to the mKinFit
HH distri-

butions in all of the analysis categories. No significant excesses are observed over the
predicted background. Upper limits on the production cross-section times branching ratio
are set at 95% CL using the asymptotic CLs method and are shown in Figure 26. The the-
oretical prediction for a bulk radion with ΛR = 3 TeV and κl = 35 is also shown. The
limits are also interpreted as constraints in the mA − tan β plane of the hMSSM as shown
in Figure 27.
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Figure 26. Expected and observed 95% confidence level limits on the production cross-section 
times branching ratio of resonant ggF HH production in the bb̄τ+τ− final state with a resolved 
topology using the 35.9 fb−1 CMS dataset. Limits are set on benchmark (a) spin-0 and (b) spin-2 
models. The ±1σ and ±2σ uncertainties on the expected limits are shown with the colored bands. 
Theoretical predictions are shown for (a) a bulk radion with ΛR = 3 TeV, κl = 35 and (b) a 
Kaluza-Klein graviton with κ/MPl = 0.1, κl = 35. [57]

Figure 26. Expected and observed 95% confidence level limits on the production cross-section times
branching ratio of resonant ggF HH production in the bb̄τ+τ− final state with a resolved topology
using the 35.9 fb−1 CMS dataset. Limits are set on benchmark (a,b). The ±1σ and ±2σ uncertainties
on the expected limits are shown with the colored bands. Theoretical predictions are shown for
(a) a bulk radion with ΛR = 3 TeV, κl = 35 and (b) a Kaluza–Klein graviton with κ/MPl = 0.1,
κl = 35 [57].
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Figure 27. Excluded regions in the hMSSM using the upper limits from the spin-0 resonance search.
The lighter CP-even scalar is assumed to be the observed Higgs boson with a mass of approximately
125 GeV. The dotted lines indicate contours in the plane corresponding to equal values of the mass of
the heavier CP-even scalar [57].

5.2.2. CMS Boosted bb̄τ+τ− Search

The second analysis [60] is a search for ggF resonant HH production with a boosted
topology using a partial Run 2 dataset of 35.9 fb−1 of data collected in 2016.

The search is interpreted in the context of narrow spin-0 and spin-2 benchmark models.
A bulk radion with ΛR = 1 TeV is used as the spin-0 benchmark model, and a Kaluza–Klein
graviton with k̃ = κ/MPl = 0.5 is used as the spin-2 benchmark model. Both benchmark
models are generated with a width that is smaller than the experimental resolution. Limits
are set on both benchmark models in the mass range from 900 GeV to 4 TeV. The analysis is
split into the τhadτhad and τlepτhad channels, and events are reconstructed using boosted
techniques that make use of large-R jets.

A dedicated algorithm is used to reconstruct boosted H → τ+τ− candidates in the
τhadτhad and τlepτhad channels. First, Cambridge-Aachen R = 0.8 jets are used as seeds.
The clustering sequence is undone iteratively until two subjets are found that each have a
mass less than 2/3 that of the full jet. A τ lepton reconstruction algorithm is used on both
subjets, and a BDT is used to identify τhad. If no τhad is identified, the procedure is repeated
with anti-kt R = 0.4 jets as seeds. The H → τ+τ− candidate consists of either two τhad or
one τhad and a lepton.

Events are selected with a combination of triggers that require large Emiss
T along

with other criteria such as high-pT jets. Additionally, events are required to contain one
H → τ+τ− candidate and a H → bb̄ candidate built from an anti-kt R = 0.8 jet with a mass
of 105–135 GeV and either one or two b-tagged subjets. Events are also required to have a
large Emiss

T , a di-τ mass estimated with the SVFit algorithm between 50 and 150 GeV, and
an invariant mass mX calculated from the H → bb̄ and H → τ+τ− candidates greater than
750 GeV. Finally, events are rejected if they have any b-tagged anti-kt R = 0.4 jets that do
not overlap with the H → bb̄ candidate or if the two τ leptons have a ∆R separation greater
than 1.5. Following the selection, events are divided into categories based on the number
of τhad and the number of b-tagged subjets in the H → bb̄ candidate.

The primary background processes are tt̄ and V+jets. The tt̄ background is estimated
using the simulation with a normalization derived from data in a control region with at
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least one b-tagged anti-kt R = 0.4 jet that does not overlap with the H → bb̄ candidates.
The V+jets background is estimated using data in regions in which the H → bb̄ candidate
mass is in the range of 30–65 GeV or greater than 135 GeV. The distributions of both back-
ground processes are fit with analytic functions that are used to estimate the background
contribution in the signal region. A transfer function is used to extrapolate the V+jets
estimate to the signal region. The distributions of mX for data, the background estimate,
and an example signal hypothesis in the 1 b-tag categories are shown in Figure 28.
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Figure 28. Distributions of mX for data, the background estimate and the spin-0 signal hypothesis 
with mX = 2 TeV and ΛR = 1 TeV in the (a) τhadτhad 1 b-tag and (b) τlepτhad 1 b-tag categories. 
The error bars on the data points represent the Poisson uncertainties corresponding to their event 
yields. The lower panel shows the difference between data and the background estimate divided 
by the statistical uncertainty in data. [60]
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Figure 28. Distributions of mX for data, the background estimates, and a spin-0 signal hypothesis
with mX = 2 TeV and ΛR = 1 TeV in the (a) τhadτhad 1 b-tag and (b) τlepτhad 1 b-tag categories.
The error bars on the data points represent the Poisson uncertainties corresponding to their event
yields. The lower panel shows the difference between data and the background estimate divided by
the statistical uncertainty in data [60].

Systematic uncertainties are evaluated on the background estimate, the choice of
PDF and scales for the signal, and modeling of the detector response. The dominant
uncertainties come from the tt̄ and V+jets estimate normalization, the choice of signal PDF
and scales, and the modeling of τ lepton identification.

A combined profile-likelihood fit of signal and background is performed in the mX
distribution. No significant excess over the background prediction is observed. The upper
limits on the production cross-section times branching ratio are set on both models at 95%
CL using the CLs method. The limits are shown in Figure 29. The theoretical predictions
for a bulk radion with ΛR = 1 TeV and for a Kaluza–Klein graviton with k̃ = κ/MPl = 0.5
are also shown. The bulk radion model is excluded for masses below 2.7 TeV.

5.2.3. Comparison of bb̄τ+τ− Searches

Both ATLAS and CMS performed searches with the bb̄τ+τ− final state using resolved
and boosted topologies. The resolved analyses provide excellent sensitivity to resonance
masses below 1 TeV. Both resolved analyses make use of the τlepτhad and τhadτhad channels.
Multivariate techniques are used to discriminate signal from background, and data-driven
techniques are used to estimate the background processes that include hadronic jets misiden-
tified as τ leptons. A major difference between the ATLAS and CMS analyses is that the
CMS analysis uses mHH as the fit variable while the ATLAS analysis uses the PNN output
for the fit. The PNN score fit may be the cause of the broad nature of the excess observed
around 1 TeV due to the fact that the resonance mass information is not directly used.

The CMS boosted search makes use of the τlepτhad and τhadτhad channels using large-
R jets to reconstruct the H → τ+τ− decay. This results in sensitivity that is competitive
at high resonance masses. The ATLAS boosted search uses the τhadτhad channel with
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dedicated di-τ objects to reconstruct the H → τ+τ− decay. This provides a significantly
better selection efficiency at high resonance masses than resolved reconstruction methods;
however, the sensitivity is not competitive with other channels. Future iterations of the
analysis would benefit from including the τlepτhad channel as well as optimizing the di-τ
identification criteria.
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Figure 29. Expected and observed 95% confidence level limits on the production cross-section 
times branching ratio of resonant ggF HH production in the bb̄τ+τ− final state with a boosted 
topology using the 35.9 fb−1 CMS dataset. Limits are set on benchmark (a) spin-0 and (b) spin-2 
models. The ±1σ and ±2σ uncertainties on the expected limits are shown with the colored bands. 
Theoretical predictions are shown for (a) a bulk radion with ΛR = 1 TeV and (b) a Kaluza-Klein 
graviton with k̃ = κ/MPl = 0.5, κl = 35. [60]

Figure 29. Expected and observed 95% confidence level limits on the production cross-section times
branching ratio of resonant ggF HH production in the bb̄τ+τ− final state with a boosted topology
using the 35.9 fb−1 CMS dataset. Limits are set on benchmark (a,b). The ±1σ and ±2σ uncertainties
on the expected limits are shown with the colored bands. Theoretical predictions are shown for
(a) a bulk radion with ΛR = 1 TeV and (b) a Kaluza–Klein graviton with k̃ = κ/MPl = 0.5 and
κl = 35 [60].

6. Searches for HH Production in the bb̄γγ Channel

Searches in the bb̄γγ channel benefit from the large H → bb̄ branching ratio and the
clean signature and excellent mass resolution from the H → γγ decay. The channel has a
very low background and provides excellent sensitivity to low-mass resonance hypotheses,
below approximately 350 GeV.

6.1. CMS bb̄γγ Search

The CMS Collaboration conducted a search for ggF resonant HH production in the
bb̄γγ channel [61] using a partial Run 2 dataset of 35.9 fb−1 of data collected in 2016.

The search is interpreted in the context of narrow spin-0 and spin-2 benchmark models.
Two bulk radion models with ΛR = 2 TeV and ΛR = 3 TeV are used as the spin-0 benchmark
models. Two Kaluza–Klein bulk graviton models with κ/MPl set to 0.5 and 1.0 are used as
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the spin-2 benchmark models. All benchmark models are generated with a width of 1 MeV.
Limits are set on all benchmark models in the mass range from 260 to 900 GeV.

Events are selected using triggers that require two photons that pass isolation require-
ments and have an invariant mass of mγγ > 90 GeV. The two pT-leading of which are
selected to form the H → γγ candidate and are required to pass identification requirements
and have an invariant mass of 100 GeV < mγγ < 180 GeV. The two photons are required to
have transverse momenta that are at least 33% and 25% of mγγ. Events are also required to
have at least two anti-kt R = 0.4 jets, each of which is separated from the nearest selected
photon by ∆R > 0.4. If there are more than two jets, the two with the highest b-tagging
scores are selected to form the H → bb̄ candidate. The selected jets are required to have an
invariant mass of 70 GeV < mjj < 190 GeV.

Two methods are implemented to improve the mass resolution of the reconstructed
objects. A multivariate regression technique based on heavy jet fragmentation features
and Emiss

T is used to correct the energy of the selected jets and improve the reconstructed
H → bb̄ mass resolution. Additionally, a modified invariant mass of the γγjj system, M̃X ,
is used in place of the invariant mass mγγjj. The modified invariant mass is defined as

M̃X = mγγjj −mjj −mγγ + 2mH . (4)

As shown in Figure 30, M̃X gives an improved mass resolution for resonant signals.
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Figure 30. Reconstructed four-body mass for mX = 280 GeV, mX = 450 GeV, and mX = 800 GeV
resonant spin-2 signal models. The dashed purple lines show the distributions of the invariant
mass mγγjj, and the solid red lines show the distributions of the modified invariant mass M̃X .
The distributions are all normalized to have an integral of one [61].

The analysis is split into low- and high-mass categories for signal hypothesis with
mX ≤ 600 GeV and mX ≥ 600 GeV, respectively, with mX = 600 GeV being used in both
categories. A BDT is trained in each category to separate signal from background. The BDTs
use the b-tagging information for the selected jets, transverse momentum balance variables
of the γγ and jj systems, and three helicity angles of the γγ, jj, and γγjj systems in the
Collins–Soper frame of the four-body system [62] as inputs. The BDTs are trained on the en-
semble of signal samples in each category as well as background events taken from data in a
control region in which one of the two selected photons fails the identification requirements.

The analysis is performed in unique signal regions for each signal hypothesis, defined
using a M̃X window. Within each of these regions, the BDT output is used to define high-
and medium-purity categories. The criteria for the purity categories for a signal hypothesis
depend on the mass category containing the signal hypothesis.

The signal hypotheses are parameterized using fits of a double-sided Crystal Ball
function [63], which consists of a Gaussian core and asymmetric power law tails, to both
mγγ and mjj in each signal region. The backgrounds containing a single Higgs boson
are modeled using functions fit to the mγγ and mjj distributions and are normalized to
their SM predictions. A double-sided Crystal Ball function is fit to the background mγγ



Symmetry 2022, 14, 260 31 of 66

distributions. Either a double-sided Crystal Ball function or a Bernstein polynomial is fit to
the background mjj distributions, depending on the production mechanism. The γγ+jets
background is modeled using first and second order Bernstein polynomials fit to data from
the control region that are downsampled to match the total number of data events seen in
the signal region.

Systematic uncertainties are evaluated on the single Higgs boson background and
signal models. The experimental uncertainties include the modeling of the detector re-
sponse for photons, jets, and b-tagging. Theoretical uncertainties include uncertainties on
αS and the choice of PDF as well as cross-section calculations for the single Higgs boson
background processes.

The data are interpreted with an unbinned two-dimensional maximum likelihood fit
in the mγγ−mjj plane. No significant excesses are observed over the predicted background.
The upper limits on the production cross-section times branching ratio are set on both
models at 95% CL using the CLs method. The limits are shown in Figure 31. The theoretical
predictions for bulk radions with ΛR = 2 TeV and ΛR = 3 TeV and for bulk gravitons with
κ/MPl = 0.5 and κ/MPl = 1.0 are also shown.
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Figure 31. Expected and observed 95% confidence level limits on the production cross-section 
times branching ratio of resonant ggF HH production in the bb̄γγ channel using the 35.9 fb−1 

CMS dataset. Limits are set on benchmark (a) spin-0 and (b) spin-2 models. The ±1σ and ±2σ 
uncertainties on the expected limits are shown with the colored bands. Theoretical predictions 
are shown for (a) a bulk radion with ΛR = 2 TeV and ΛR = 2 TeV and (b) bulk gravitons with 
κ/MPl = 0.5 and κ/MPl = 1.0. The vertical dashed lines indicate the boundary between the low-
and high-mass regions with limits at the boundary shown for both methods. [61]

Figure 31. Expected and observed 95% confidence level limits on the production cross-section times
branching ratio of resonant ggF HH production in the bb̄γγ channel using the 35.9 fb−1 CMS dataset.
Limits are set on benchmark (a,b). The ±1σ and ±2σ uncertainties on the expected limits are shown
with the colored bands. Theoretical predictions are shown for (a) a bulk radion with ΛR = 2 TeV and
ΛR = 3 TeV and (b) bulk gravitons with κ/MPl = 0.5 and κ/MPl = 1.0. The vertical dashed lines
indicate the boundary between the low- and high-mass regions with limits at the boundary shown
for both methods [61].
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6.2. ATLAS bb̄γγ Search

The ATLAS Collaboration conducted a search for ggF resonant HH production in
the bb̄γγ final state [64] using the full Run 2 dataset. This corresponds to 136 fb−1 of data
collected between 2015 and 2018.

The search is interpreted in the context of a generic narrow spin-0 benchmark model.
The signal samples are generated with a width of 10 MeV. Limits are set on the benchmark
model in the mass range from 251 GeV to 1 TeV.

Events are selected using triggers that require two photons. Additionally, events are
required to contain at least two photons that pass isolation requirements, the two pT-leading
of which are selected to form the H → γγ candidate. The selected photons are required to
have an invariant mass of 105 GeV < mγγ < 160 GeV, and the two photons are required to
have transverse momenta that are at least 35% and 25% of mγγ. Events are also required
to have exactly two b-tagged anti-kt R = 0.4 jets, fewer than six jets with |η| < 2.5, and
exactly zero electrons or muons.

The signal region is defined using a mass window of 120 GeV < mγγ < 130 GeV,
which is determined by the H → γγ mass resolution. The sideband region is defined as
105 GeV < mγγ < 160 GeV, excluding the signal region.

A modified invariant mass of the bb̄γγ system, m∗bb̄γγ
, is used in place of the invariant

mass mbb̄γγ. The modified mass is defined as

m∗bb̄γγ
= mbb̄γγ −mbb̄ −mγγ + 250 GeV. (5)

As shown in Figure 32, m∗bb̄γγ
gives an improved resolution for resonant signals.

Figure 32. Reconstructed four-body mass for mX = 300 GeV and mX = 500 GeV resonant signal
models, SM HH production, and the continuum γγ+jets background. The dashed lines show the
distributions of the invariant mass mbb̄γγ and the solid lines show the distributions of the modified
invariant mass m∗bb̄γγ

. The distributions are all normalized to have an integral of one [64].

A BDT-based method is used to separate signal from background. All signal samples
are used together in the training, reweighted event-by-event to have the same m∗bb̄γγ

distribution as the background events. Two separate BDTs are trained: one optimized
for separating signal from the continuum γγ background and the other optimized for
separating signal from backgrounds containing a single Higgs boson (primarily ZH and
tt̄H). The outputs of the two BDTs are combined to construct a single discriminating
variable. A minimum threshold on the combined BDT score is chosen for each signal
hypothesis to maximize signal significance while ensuring a minimum number of events in
the sideband region.
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Following the selection requirements, the background consists of the production of
single Higgs bosons in the H → γγ decay mode, SM production of HH in the bb̄γγ decay
mode, and continuum γγ+jets events that either contain at least two real photons or one real
photon and one or more jets misidentified as photons. The continuum γγ+jets background
is parameterized with a functional form fit to a high-statistics simulated background
template and normalized using data in the sideband region. The potential bias of various
analytic functions on the signal event yield, referred to as “spurious signal”, is used to
determine the optimal functional form. The functional form with the minimal number
of degrees of freedom while remaining below a spurious signal threshold is chosen as
exp(a ·mγγ).

The signal as well as backgrounds involving a single Higgs boson and SM HH produc-
tion are parameterized by fitting the mγγ distribution in simulated samples. The distribu-
tions are fit with a double-sided Crystal Ball function [65]. The mγγ distributions for signal
and background simulation as well as data after the optimized BDT score requirements are
applied are shown for two signal hypotheses in Figure 33.
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Figure 33. Distributions of mγγ following the optimized BDT score requirements for the (a) 
mX = 300 GeV and (b) mX = 500 GeV signal hypotheses for data as well as the simulated back-
ground and relevant signal model normalized to an arbitrary cross-section. The error bars on the 
data points represent the Poisson uncertainties corresponding to their event yields. [63]
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Figure 33. Distributions of mγγ for data, the simulated background, and signal hypotheses following
the optimized BDT score requirements for the (a) mX = 300 GeV and (b) mX = 500 GeV signal
hypotheses. The signal hypotheses are normalized to arbitrary cross-sections. The error bars on the
data points represent the Poisson uncertainties corresponding to their event yields [64].

The primary systematic uncertainty comes from the spurious signal effects used to
select the functional form for the continuum γγ background estimate. Other systematic
uncertainties are evaluated on the modeling of the diphoton triggers and the photon and
jet modeling, as well as on the PDF and parton showering used in the signal simulation.

A maximum likelihood fit of the mγγ distribution is used to interpret the data. No
significant excesses are observed over the predicted background. The upper limits on the
production cross-section times branching ratio are set at 95% CL using the CLs method and
are shown in Figure 34.

6.3. Discussion of bb̄γγ Searches

ATLAS and CMS both performed searches in the bb̄γγ channel. The H → γγ de-
cay provides excellent mH resolution and the addition of two b-tagged jets results in a
small background.

Both analyses make use of corrected four-body invariant masses to improve the signal
mass resolution otherwise degraded by the b-jet energy resolution. Both analyses also use
multivariate techniques to discriminate signals from background. Finally, both analyses
fit data in the mγγ sidebands to estimate the continuum γγ background in the signal
mass window. The ATLAS search fits the mγγ spectrum, while the CMS search does a
simultaneous fit to the mγγ and mjj spectra. It is unclear whether the additional constraint
of mjj improves the sensitivity due to the poor mjj resolution. Both analyses are dominated
by statistical uncertainties but provide excellent sensitivity for low resonance masses.
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Figure 34. Expected and observed 95% confidence level limits on the production cross-section times
branching ratio of resonant ggF HH production in the bb̄γγ channel using the full Run 2 ATLAS
dataset. The±1σ and±2σ uncertainties on the expected limits are shown with the colored bands [64].

7. Searches for HH Production in the bb̄VV∗ Channels

The bb̄VV∗ channels offer several advantages to searches for resonant HH production.
The large H → bb̄ and H →WW∗ branching ratios make bb̄WW∗ the channel with the
second highest HH branching ratio. For both bb̄WW∗ and bb̄ZZ∗, the final states including
one or more leptons helps to significantly reduce QCD multijet backgrounds. Additionally,
the presence of intermediate W or Z bosons resonances provides a way to further reduce
backgrounds. A complication of these channels is that one of the vector bosons is produced
off its mass shell. The major backgrounds for these channels are tt̄ and W+jets.

7.1. CMS bb̄VV∗ → bb̄``νν Search

The CMS Collaboration has conducted a search for ggF resonant HH production in the
bb̄WW∗ and bb̄ZZ∗ channels with the bb̄``νν final state [66] using a partial Run 2 dataset
of 35.9 fb−1 of data collected in 2016.

The search is interpreted in the context of narrow spin-0 and spin-2 benchmark models.
The RS model in warped extra dimensions with ΛR = 1 TeV and κl = 35 is used for both
scenarios. A bulk radion is used as the spin-0 benchmark, and a Kaluza–Klein graviton
with k̃ = κ/MPl = 0.1 is used as the spin-2 benchmark.

Events are selected using triggers that require two leptons. Additionally, events are
required to contain two b-tagged anti-kt R = 0.4 jets and two leptons with opposite electric
charge and a dilepton invariant mass between 12 GeV and mZ − 15 GeV, where mZ is the
mass of the Z boson. The dilepton invariant mass requirement suppresses backgrounds
containing quarkonia resonances and Z+jets processes while preserving signal events in the
bb̄WW∗ channel and in the bb̄ZZ∗ channel when the off-shell Z boson decays leptonically.

The dominant background is tt̄ production. The second largest background process is
Drell–Yan (DY) production. All backgrounds except DY e+e− and µ+µ− production are
estimated using simulation. The e+e− and µ+µ− DY backgrounds are estimated using
a data-driven method. This is performed using data from a control region that has no
b-tagged jet requirement. Events from this region are weighted to estimate the effects of the
b-tagging requirement in the signal regions.

A PNN is used to discriminate signal from the large tt̄ background. The PNN makes
use of kinematic variables and the flavor of the dilepton pair (e+e−, µ+µ−, or e±µ∓). Three
regions are defined using the invariant mass of the two b-tagged jets, mjj. A signal-enriched
region is defined as mjj ∈ [75, 140) GeV, and background-enriched regions are defined on
either side of this range. The PNN output is used as the final discriminant in each region.

Systematic uncertainties are evaluated on the data-driven background estimate, theo-
retical predictions, and detector response. Theoretical uncertainties are evaluated on the
choice of PDF as well as the renormalization and factorization scales used in simulation.
Detector response uncertainties are evaluated on trigger efficiencies, lepton identification,
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jet energy measurements, and b-tagging. The data-driven background uncertainty consists
of propagated detector response uncertainties plus an additional normalization uncertainty.

Results are obtained through a maximum likelihood fit of the PNN discriminant in
the three mjj regions in each of the three lepton flavor categories. No significant excesses
are observed over the predicted background. The upper limits are set at 95% CL using
the asymptotic CLs method on the production cross-section times branching ratio for both
benchmark models.The upper limits on cross-section times branching ratio are shown in
Figure 35. The theoretical predictions for a bulk radion with ΛR = 3 TeV and κl = 35, for a
bulk gravitons with κ/MPl = 0.1 and κl = 35 are also shown.
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Figure 35. Expected and observed 95% confidence level limits on the production cross-section 
times branching ratio of resonant ggF HH production in the bb̄WW∗ and bb̄ZZ∗ channels with 
the bb̄``νν final state in the 35.9 f b−1 CMS dataset. Limits are set on benchmark (a) spin-0 and (b) 
spin-2 models. The ±1σ and ±2σ uncertainties on the expected limits are shown with the colored 
bands. Theoretical predictions are shown for (a) a bulk radion with ΛR = 3 TeV and κl = 35 and 
(b) a bulk graviton with κ/MPl = 0.1 and κl = 35. [67]

Figure 35. Expected and observed 95% confidence level limits on the production cross-section times
branching ratio of resonant ggF HH production in the bb̄WW∗ and bb̄ZZ∗ channels with the bb̄``νν

final state in the 35.9 fb−1 CMS dataset. Limits are set on benchmark (a,b). The ±1σ and ±2σ

uncertainties on the expected limits are shown with the colored bands. Theoretical predictions are
shown for (a) a bulk radion with ΛR = 3 TeV and κl = 35 and (b) a bulk graviton with κ/MPl = 0.1
and κl = 35 [67].

7.2. CMS bb̄ZZ∗ Search

The CMS Collaboration conducted a search for ggF resonant HH production in the
bb̄ZZ∗ channel with the bb̄`` final state [67] using a partial Run 2 dataset of 35.9 fb−1 of
data collected in 2016.
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The search is interpreted in the context of narrow spin-0 and spin-2 benchmark models.
The RS model in warped extra dimensions with ΛR = 1 TeV and κl = 35 is used for both
scenarios. A bulk radion is used as a spin-0 benchmark, and a Kaluza–Klein graviton with
k̃ = κ/MPl = 0.1 is used as a spin-2 benchmark. In addition to setting cross-section times
branching ratio limits on these, scans of the ΛR and κ/MPl parameters are performed. The
search is also interpreted in the context of the N2HDM where the masses of H1 and H2
are both set to 125 GeV and H3 is treated as the heavy spin-0 resonance. Two benchmark
points are chosen with tan β = 0.5 and 2.0. In both cases, the scalar vev is set to 45 GeV,
and the mixing angles α1, α2 and α3 are set to 076, 0.48, and 1.00, respectively. This results
in an increase of the HH branching fraction to bb̄ZZ∗ of 33% relative to the SM prediction
for tan β = 0.5 and 5% for tan β = 2.0. All of the signal samples are simulated in the mass
range of 260 ≤ mX ≤ 1000 GeV with narrow resonances.

The analysis is split into channels to separate the bb̄``qq̄ (denoted as the bb̄``jj channel)
and bb̄``νν decay modes. Events in both channels are selected using triggers that require
two muons or two electrons. Events in both channels are also required to have two same-
flavor leptons with opposite electric charge. The hadronic decay products in both channels
are reconstructed using anti-kt R = 0.4 jets. A BDT is trained for each mass and spin
hypothesis in each lepton channel to maximize sensitivity, for a total of 48 BDTs.

Events in the bb̄``νν channel are required to have a dilepton invariant mass of
m`` ≥ 15 GeV and at least two jets, at least one of which is b-tagged. Additionally, events
are required to have a minimum Emiss

T , the threshold of which is dependent on mX. The
H → bb̄ candidate is reconstructed from the pair of jets with the highest values of the
b-tagging discriminant if there are at least two b-tagged jets. If there is a single b-tagged
jet, it is paired with the jet that gives an invariant mass closest to 125 GeV to form the
H → bb̄candidate. The H → ZZ∗ candidate is reconstructed from the pair of leptons and
the Emiss

T . A BDT is trained for each signal hypothesis with 22 kinematic variables as inputs
and events are required to pass a minimum threshold of the BDT score.

Events in the bb̄``jj channel are required to have m`` ≥ 15 GeV and at least four jets,
at least one of which is b-tagged. Additionally, events are required to fail the mX-dependent
Emiss

T criteria applied in the bb̄``νν channel. The H → bb̄ candidate is reconstructed follow-
ing the same method as in the bb̄``νν channel. The H → ZZ∗ candidate is reconstructed
from the two leptons and the two remaining jets that result in the ``jj invariant mass that
is closest to 125 GeV. A BDT is trained for each signal hypothesis with nine kinematic
variables as inputs.

The main background processes in the bb̄``νν channel are tt̄ and Z/γ∗+jets, with
smaller contributions from other non-QCD SM processes. The QCD multijet background is
negligible. The non-negligible backgrounds are estimated using simulation. The normal-
ization for the tt̄ and Z/γ∗+jets backgrounds are derived from data in dedicated control
regions that are fit simultaneously with the signal region in the distribution of the pseudo
transverse mass of the HH system M̃T(HH).

The main background processes in the bb̄``jj channel are tt̄ and Z/γ∗+jets, with
smaller contributions from other SM processes, including QCD multijet events. The non-
QCD backgrounds are all estimated using simulation. The tt̄ and Z/γ∗+jets backgrounds
are normalized using data in dedicated control regions. The QCD multijet background is
estimated using data events with leptons with the same sign electric charge.

Systematic uncertainties are evaluated on the background model, theoretical predic-
tions, and detector response. The background modeling systematic uncertainties include
the normalization and shape determinations. The theoretical uncertainties include the
normalization and factorization scales of the background simulation as well as the PDF
and αS for the signal simulation. The dominant detector systematic uncertainty is related
to the energy of jets.

Results are obtained through a binned maximum likelihood fit. In the bb̄``jj channel,
this is performed on distributions of the BDT scores. In the bb̄``νν channel, the M̃T(HH) is
fit simultaneously in the signal region and both control regions for each signal hypothesis.
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No significant excesses are observed over the predicted background. The upper limits
are set at 95% CL using the asymptotic CLs method on the production cross-section times
branching ratio, as well as on the ΛR and the k̃ = κ/MPl parameters of the RS model.
Limits are set in each channel separately as well as in both channels combined statistically.
The upper limits on cross-section times branching ratio are shown in Figure 36 for both
channels as well as the combination. The theoretical predictions for a bulk radion with
ΛR = 3 TeV and κl = 35, for a bulk gravitons with κ/MPl = 0.1, and for N2HDM models
with tan β = 0.5 and 2.0 are also shown. Combined exclusion limits on the RS model
parameters are shown in Figure 37 along with limits from each channel individually.
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Figure 36. Expected and observed 95% confidence level limits on the production cross-section 
times branching ratio of resonant ggF HH production in the bb̄ZZ∗ channel in the 35.9 fb−1 CMS 
dataset. Limits are set on benchmark (a) spin-0 and (b) spin-2 models. The expected limits for 
the bb̄``jj and bb̄``νν channels are shown with the red and blue dashed lines, respectively. The 
combined limits are shown with the black lines. The ±1σ and ±2σ uncertainties on the expected 
limits are shown with the colored bands. Theoretical predictions are shown for (a) a bulk radion 
with ΛR = 3 TeV and κl = 35 as well as N2HDM modes with tan β = 0.5 and 2.0 and (b) a bulk 
graviton with κ/MPl = 0.1. [67]

Figure 36. Expected and observed 95% confidence level limits on the production cross-section times
branching ratio of resonant ggF HH production in the bb̄ZZ∗ channel in the 35.9 fb−1 CMS dataset.
Limits are set on benchmark (a,b). The expected limits for the bb̄``jj and bb̄``νν channels are shown
with the red and blue dashed lines, respectively. The combined limits are shown with the black lines.
The ±1σ and ±2σ uncertainties on the expected limits are shown with the colored bands. Theoretical
predictions are shown for (a) a bulk radion with ΛR = 3 TeV and κl = 35 as well as N2HDM modes
with tan β = 0.5 and 2.0 and (b) a bulk graviton with κ/MPl = 0.1 [67].
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the 35.9 fb−1 CMS dataset. The expected limits for the bb̄``jj and bb̄``νν channels are shown with 
the red and blue dashed lines, respectively. The combined limits are shown with the black lines. 
The ±1σ and ±2σ uncertainties on the expected limits are shown with the colored bands. The 
excluded regions are indicated with a grey hashed fill. [67]

Figure 37. Expected and observed 95% confidence level limits on the (a,b) from the resonant ggF HH
production in the bb̄ZZ∗ channel using the 35.9 fb−1 CMS dataset. The expected limits for the bb̄``jj
and bb̄``νν channels are shown with the red and blue dashed lines, respectively. The combined limits
are shown with the black lines. The ±1σ and ±2σ uncertainties on the expected limits are shown
with the colored bands. The excluded regions are indicated with a grey hashed fill [67].

7.3. CMS bb̄WW∗ Search

The CMS Collaboration has conducted a search for ggF resonant HH production in the
bb̄WW∗ and bb̄τ+τ− channels in the bb̄+leptons final state [68] using the full Run 2 dataset
of 138 fb−1 of data collected between 2015 and 2018. The search includes the single lepton
final state from the HH → bb̄WW∗ → bb̄`νqq̄ decay mode and two lepton final states from
the HH → bb̄WW∗ → bb̄`ν`ν and HH → bb̄τ+τ− → bb̄`νν`νν decay modes.

The search is interpreted in the context of narrow spin-0 and spin-2 benchmark models.
A bulk radion with ΛR = 3 TeV and a branching fraction to HH of 25% is used as the spin-0
benchmark model. Two Kaluza–Klein bulk graviton models with branching fractions to
HH of 10% and k̃ = κ/MPl set to 0.3 and 0.5 are used as the spin-2 benchmark models. Both
benchmark models are generated with a width of 1 MeV. Limits are set on all benchmark
models in the mass range from 800 GeV to 4.5 TeV.

The analysis is split into single lepton (SL) and dilepton (DL) channels. These channels
are further split into a total of twelve analysis categories, based on the lepton multiplicity,
lepton flavor, b-tagging information, and kinematics of the leptonic decay products. The
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H → bb̄ decay is reconstructed using a single large-R jet in all categories to exploit the
boosted topology.

Events are selected with a combination of triggers that require a single electron or
muon (denoted as leptons) or a large scalar sum of hadronic jet pT. After the trigger
selection, events are required to contain at least one lepton and a large scalar sum of jet pT.
Events in the DL channel are required to have exactly two leptons with opposite electric
charge that pass isolation criteria optimized for nearby leptons in boosted topologies
and pass loose impact parameter requirements to accept leptons from H → τ+τ− decays.
Events in the SL channel are required to have exactly one lepton that passes isolation criteria
optimized for topolgies without nearby leptons and no more than one lepton that passes
the DL lepton criteria. Events in both channels are required to contain exactly one anti-kt
R = 0.8 jet, denoted as the bb̄ jet, that is tagged as being consistent with a H → bb̄ decay
using the DeepAK8 tagger. Events with a b-tagged anti-kt R = 0.4 jet that is ∆R > 1.2 from
the bb̄ jet are vetoed to reduce the tt̄ background.

Events in the SL channel are required to have a second anti-kt R = 0.8 jet, denoted
as the qq̄ jet, that is consistent with a W(∗) → qq̄ decay. The qq̄ jet is chosen as the anti-kt
R = 0.8 jet that is closest in ∆R to the lepton. The qq̄ jet is required to be within ∆R < 1.2 of
the lepton and to have substructure that is consistent with a two-body decay. The bb̄ jet
is required to be ∆R > 2.0 from the lepton and ∆R > 1.6 from the qq̄ jet. In DL channel
events, the bb̄ jet is required to be ∆R > 2.0 from the two lepton system (``) and neither
lepton is allowed to overlap with the bb̄ jet cone.

A likelihood-based method is used to fully reconstruct the H →WW∗ decay in the
SL channel. A likelihood function is constructed from five probability density functions
to extract the three components of the neutrino momentum, an indicator of whether the
hadronically decaying W boson is on- or off-shell, and a correction factor for the pT of
the qq̄ jet. The full H →WW∗ system is reconstructed from the lepton, the extracted
neutrino momentum, and the corrected qq̄ jet. Additionally, a discriminating variable D`νqq̄
is constructed using the likelihood function.

The H →WW∗ decay is reconstructed in the DL channel with assumptions about the
decay kinematics. The η of the two neutrino system νν is set to that of ``. Additionally, the
νν invariant mass is set to 55 GeV, which is the average of the truth-level distribution in
simulated signals. The H →WW∗ system is reconstructed from νν and ``.

In both channels, the HH invariant mass mHH is calculated from the reconstructed
H →WW∗ and the bb̄ jet.

Additional criteria are used to separate signal from background. In the SL channel,
the ratio of the H →WW∗ pT to mHH , denoted as pT/m, is required to be greater than 0.3.
In the DL channel, several criteria are applied to `` and Emiss

T . The `` system is required
to have an invariant mass between 6 and 75 GeV and a angular separation of ∆R`` < 1.0.
Additionally, Emiss

T and `` are required to have a ∆φ separation less than π/2. Finally,
events are required to have Emiss

T > 85 GeV.
Events are split into twelve categories based on several properties. The lepton flavor

and the DeepAK8 discriminant DZ/H→bb̄ on the bb̄ jet are used in both the SL and DL
channels. Additionally, discriminants on the H →WW∗ system are used to create high-
and low-purity categories in the SL channel. These discriminants are D`νqq̄ and the τ2/τ1
N-subjettiness ratio [69] for the qq̄ jet, which is a substructure variable used to identify jets
that are consistent with a two-body hadronic decay. The category labels are defined in
Tables 1 and 2.

Two Control Regions (CRs) are defined to validate the SM background estimation
and systematic uncertainties. The top CR is defined to select events containing top quarks,
especially tt̄. This CR is defined by requiring at least one b-tagged anti-kt R = 0.4 jet that is
far from the bb̄ jet. Additionally, requirement on pT/m is removed for the SL channel, and
the ∆R`` requirement is changed to ∆R`` > 0.4 for the DL channel. The top CR is divided
into the same twelve categories as the signal region. The nontop CR is defined to select
events from Z/γ∗+jets, W+jets and QCD multijet processes. This CR is defined in the same
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way as the signal region, except the DZ/H→bb̄ requirement on the bb̄ jet is changed to reject
events containing H → bb̄ decays. The nontop CR is divided into six categories following
the lepton flavor and H →WW∗ purity discriminants.

Table 1. Event categorization for the SL channel. All combinations of the three categorization types
are used to form eight independent event categories.

Categorization Type Selection Category Label

Lepton flavor Electron e
Muon µ

bb̄ jet tagging Loose DZ/H→bb̄ bL
Tight DZ/H→bb̄ bT

H →WW∗ purity High τ2/τ1 or high D`νqq̄ LP
Low τ2/τ1 and low D`νqq̄ HP

Table 2. Event categorization for the DL channel. All combinations of the two categorization types
are used to form four independent event categories.

Categorization Type Selection Category Label

Lepton flavor Two electron or two muons SF
One electron and one muon OF

bb̄ jet tagging Loose DZ/H→bb̄ bL
Tight DZ/H→bb̄ bT

The background is split into components using generator-level information to ensure
distinct mbb̄ distributions. These components are defined by the number of generator-level
quarks from the immediate decay of a top quark or vector boson that are within ∆R < 0.8
of the reconstructed bb̄ jet axis. The “mt” component consists of events in which three
quarks fulfill the criterion. The “mW” component consists of events in which two quarks
do. The “lost t/W” component consists of events in which one quark does. The “q/g”
component consists of all other events. The first three consist primarily of tt̄ events, and
the q/g component consists primarily of W+jets and QCD multijet events.

Signal and background are modeled in the mHH−mbb̄ plane in each of the twelve event
categories using smooth templates created from simulation. The background templates are
modeled using conditional probabilities of mbb̄ as a function of mHH based on distributions
of the two variables in simulation. The signal templates are modeled similarly but using
conditional probabilities of mbb̄ and mHH as a function of the resonance mass mX . The mbb̄
and mHH distributions in the µ bT LP category are shown in Figure 38 for the background
estimate, data, and example signal models. Alternate background templates for all four
components are built with parameters proportional to mHH and 1/mHH . For the “q/g”
and “lost t/W” background components, additional templates are built with parameters
proportional to mbb̄ and 1/mbb̄.

Systematic uncertainties are evaluated on the background and signal models. The
background uncertainties include variations of the background component normalizations,
the bb̄ jet mass, and the template definitions. The signal uncertainties include uncertain-
ties on theoretical predictions, luminosity measurements, pileup modeling, and detector
response modeling for leptons, jet mass and energy scale, jet substructure, and b-tagging.

The data are interpreted with a simultaneous two-dimensional maximum likelihood
fit in the mbb̄ −mHH plane in all twelve categories. No significant excesses are observed
over the predicted background. The upper limits on the production cross-section times
branching ratio are set on both models at 95% CL using the CLs method and are shown
in Figure 39. The theoretical predictions for a bulk radion with ΛR = 3 TeV and for bulk
gravitons with κ/MPl = 0.3 and κ/MPl = 0.5 are also shown. The expected 95% CL upper
limits for each of the twelve event categories are shown independently in Figure 40.
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Figure 38. Distributions of (a) mbb̄ and (b) mHH for the fitted background estimate, data, and
example signal models normalized to a cross-section times branching ratio of 0.2. The lower panels
show the ratio of the data to the background estimate. The hatched band shows the background
shape uncertainty from the 2D maximum likelihood fit to data in the mbb̄ −mHH plane. The error
bars on the data points represent the Poisson uncertainties corresponding to their event yields. [68]
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benchmark model. Two Kaluza-Klein bulk graviton models with c = κ/MPl set to 1.01126
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all benchmark models in the mass range from 500 GeV to 3 TeV.1129

The analysis is split into resolved and boosted channels that are sensitive to reso-1130
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analysis uses anti-kt R = 0.4 jets to reconstruct all hadronic decay products. The boosted1132

analysis uses a combination of anti-kt R = 0.4 jets and anti-kt R = 1.0 (large-R) jets.1133

Events in both channels are selected with a combination of triggers that require a1134

single lepton. Events are also required to contain at least one lepton that is matched to1135

the trigger object and fulfills criteria on the impact parameters relative to the primary1136

vertex.1137

Events in the resolved channel are required to have at least four anti-kt R = 0.41138

jets, exactly two of which are required to be b-tagged. The two b-tagged jets are used1139

to reconstruct the H → bb̄ candidate. If there are exactly two untagged jets, they are1140

used to reconstruct the hadronic W boson candidate Whad. If there are more than two1141

untagged jets, the three pT-leading jets are considered and the pair with the smallest ∆R1142

between them is used to reconstruct Whad.1143

The full H → WW∗ → `νqq̄ topology is reconstructed by solving for the z-1144

component of the neutrino momentum using the Higgs boson mass constraint. If1145

two real solutions exist, the result that minimized ∆R between the neutrino and the1146

lepton is used. If only a complex solution exists, the real part of the solution is used. The1147

H →WW∗ system is reconstructed from the lepton, the neutrino solution and Whad.1148

Three signal regions are defined to be sensitive to different ranges of resonance1149

masses. The first targets signal hypotheses with a mass of 500 GeV. The second is the1150

Figure 38. Distributions of (a) mbb̄ and (b) mHH for data, the fitted background estimate, and example
signal models normalized to a cross-section times branching ratio of 0.2. The lower panels show the
ratio of data to the background estimate. The hatched band shows the background shape uncertainty
from the 2D maximum likelihood fit to data in the mbb̄ − mHH plane. The error bars on the data
points represent the Poisson uncertainties corresponding to their event yields [68].
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Figure 39. Expected and observed 95% confidence level limits on the production cross-section 
times branching ratio of resonant ggF HH production in the bb̄` and bb̄`` final states using the full 
Run 2 CMS dataset. Limits are set on benchmark (a) spin-0 and (b) spin-2 models. The ±1σ and
±2σ uncertainties on the expected limits are shown with the colored bands. Theoretical predictions 
are shown for (a) a bulk radion with ΛR = 3 TeV and (b) bulk gravitons with κ/MPl = 0.3 and 
κ/MPl = 0.5. The branching fraction to HH is assumed to be 25% and 10% respectively. [68]

Figure 39. Expected and observed 95% confidence level limits on the production cross-section times
branching ratio of resonant ggF HH production in the bb̄` and bb̄`` final states using the full Run 2
CMS dataset. Limits are set on benchmark (a,b). The ±1σ and ±2σ uncertainties on the expected
limits are shown with the colored bands. Theoretical predictions are shown for (a) a bulk radion with
ΛR = 3 TeV and (b) bulk gravitons with κ/MPl = 0.3 and κ/MPl = 0.5. The branching fraction to
HH is assumed to be 25% and 10%, respectively [68].
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Figure 40. Expected 95% CL upper limits on the production cross-section times branching ratio of
each of the twelve event categories individually [68].

7.4. ATLAS bb̄WW∗ Search

The ATLAS Collaboration has conducted a search for ggF resonant HH production in
the bb̄WW∗ channel in the bb̄`νqq̄ decay mode [70] using a partial Run 2 dataset of 36.1 fb−1

of data collected in 2015 and 2016.
The search is interpreted in the context of narrow spin-0 and spin-2 benchmark models.

A generic scalar is used as the spin-0 benchmark model. Two Kaluza–Klein bulk graviton
models with c = κ/MPl set to 1.0 and 2.0 are used as the spin-2 benchmark models.
The benchmark models are generated with a narrow width that is much smaller than the
detector resolution. Limits are set on all benchmark models in the mass range from 500 GeV
to 3 TeV.

The analysis is split into resolved and boosted channels that are sensitive to resonance
masses less than and greater than approximately 1 TeV, respectively. The resolved analysis
uses anti-kt R = 0.4 jets to reconstruct all hadronic decay products. The boosted analysis
uses a combination of anti-kt R = 0.4 jets and anti-kt R = 1.0 (large-R) jets.

Events in both channels are selected with a combination of triggers that require a
single lepton. Events are also required to contain at least one lepton that fulfills criteria on
the impact parameters relative to the primary vertex.

Events in the resolved channel are required to have at least four anti-kt R = 0.4
jets, exactly two of which are required to be b-tagged. The two b-tagged jets are used to
reconstruct the H → bb̄ candidate. If there are exactly two untagged jets, they are used to
reconstruct the hadronic W boson candidate Whad. If there are more than two untagged
jets, the three pT-leading jets are considered, and the pair with the smallest ∆R separation
is used to reconstruct Whad.

The full H →WW∗ → `νqq̄ topology is reconstructed by solving for the z-component
of the neutrino momentum using the Higgs boson mass constraint. If two real solutions
exist, the result that minimizes ∆R between the neutrino and the lepton is used. If only
a complex solution exists, the real part of the solution is used. The H →WW∗ system is
reconstructed from the lepton, the neutrino solution, and Whad.

Three signal regions are defined to be sensitive to different ranges of resonance masses.
The first targets signal hypotheses with a mass of 500 GeV. The second is the low-mass range
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that targets resonance masses between 600 GeV and 1.3 TeV. The third is the high-mass
range that targets resonance masses between 1.4 and 3 TeV.

A set of requirements on kinematic variables is optimized to maximize the expected
sensitivity to signal hypotheses in each signal region. The variables used are Emiss

T , the mass
and pT of the WW∗ system, the mass and pT of the bb̄ system, and the ∆R separation
between the two reconstructed W bosons. The same selection is used for spin-0 and spin-2
signal hypotheses.

The dominant backgrounds come from tt̄ events with subdominant contributions from
QCD multijet, W/Z+jets, single top quark, and diboson processes. The tt̄ background is
estimated using simulation and then normalized using data in tt̄-enriched control regions
that correspond to each signal region. The QCD multijet background is estimated in each
signal and tt̄ control region using a data-driven method. The other backgrounds are all
estimated using simulation.

The mHH distributions in the low-mass and high-mass regions are shown in Figure 41
for data, the background estimate, and example signal hypotheses.
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each of the twelve event categories individually. [68]
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Figure 41. Distributions of mHH in the (a) low-mass and (b) high-mass signal regions for the
background estimate, data, and example signal models normalized to arbitrary values to maximize
readability. The lower panels show the fractional difference between data and the background esti-
mate. The hatched band shows the total statistical plus systematic uncertainty on the background
estimate and the orange band shows the statistical uncertainty on the MC simulation. [70]

Figure 41. Distributions of mHH for data, the background estimates, and example signal hypotheses
in the (a) low-mass and (b) high-mass signal regions. The signal hypotheses are normalized to
arbitrary values. The lower panels show the relative difference between data and the background
estimate. The hatched band shows the total statistical plus systematic uncertainty on the background
estimate, and the orange band shows the statistical uncertainty on the MC simulation [70].

Systematic uncertainties are evaluated on the background and signal models as well
as detector response modeling. The background uncertainties include components for the
tt̄ simulation and normalization method, the W+jets scale, PDF, and generator modeling,
as well as the data-driven QCD multijet estimate. Systematic uncertainties are derived for
the scale, PDF set, and parton shower used for the signal samples. Detector systematic
uncertainties are used for all physics objects and are dominated by uncertainties on the
energy scale of jets.

A maximum likelihood fit is performed on the mHH distribution simultaneously in
the signal and control regions. The tt̄ and QCD multijet normalizations are allowed to float
in the fit. No significant excess are observed over the predicted background. The upper
limits on the production cross-section times branching ratio are set on the signal models at
95% CL using the CLs method across the full resonance mass range. The limits are shown
for each signal model in Figure 42.
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Figure 42. Expected and observed 95% confidence level limits on the production cross-section 
times branching ratio of resonant ggF HH production in the resolved bb̄WW∗ channel in the 
36.1 fb−1 ATLAS dataset. Limits are set on benchmark (a) spin-0 and (b) spin-2 models. Limits on
spin-2 models with c = κ/MPl = 1.0 and 2.0 are both shown. The ±1σ and ±2σ uncertainties on 
the expected limits for the spin-0 benchmark model and the c = 1.0 spin-2 benchmark model are 
shown with the colored bands. The limits are split between the low-mass and high-mass signal 
regions are 1.6 TeV. [70]

Figure 42. Expected and observed 95% confidence level limits on the production cross-section times
branching ratio of resonant ggF HH production in the resolved bb̄WW∗ channel in the 36.1 fb−1

ATLAS dataset. Limits are set on benchmark (a,b). Limits on spin-2 models with c = κ/MPl = 1.0 and
2.0 are both shown. The ±1σ and ±2σ uncertainties on the expected limits for the spin-0 benchmark
model and the c = 1.0 spin-2 benchmark model are shown with the colored bands. The limits are
split between the low-mass and high-mass signal regions at 1.6 TeV [70].

Events in the boosted channel are required to have at least one large-R jet with an
angular distance of ∆R > 1.0 from the lepton. The large-R jet with the highest pT is used as
the H → bb̄ candidate. The H → bb̄ candidate is required to have a mass between 30 and
300 GeV. Events are required to have at least two R = 0.4 jets with an angular distance
of ∆R > 1.4 from the H → bb̄ candidate. The hadronically and leptonically decaying
W bosons are reconstructed using the same method as the resolved channel. Events are
rejected if any jets with ∆R > 1.4 from the H → bb̄ candidate are b-tagged.
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The signal region is defined by requiring the H → bb̄ candidate to have at least two
associated track jets and that the two pT-leading associated track jets be b-tagged. Addition-
ally, the H → bb̄ candidate is required to have a mass between 90 and 140 GeV. A minimum
Emiss

T requirement is applied to reduce the QCD multijet background.
A validation region is defined to assess the modeling of the tt̄ background. This region

is defined by requiring the H → bb̄ candidate have a mass that lies outside the range of
90–140 GeV.

As in the resolved channel, the dominant backgrounds come from tt̄ events with
subdominant contributions from QCD multijet, W/Z+jets, single top quark, and diboson
processes. The non-QCD backgrounds are all estimated using simulation. The QCD multijet
background is estimated using a data-driven technique that is very similar to the one used
in the resolved channel.

The mHH distribution for data, the background estimate, and example signal hypothe-
ses in the boosted channel after the global likelihood fit is shown in Figure 43.
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Figure 43. Distribution of mHH for data, the background estimate, and example signal hypotheses in
the boosted channel after the global likelihood fit. The signal hypotheses are normalized to arbitrary
values. The lower panel shows the relative difference between data and the background estimate.
The hatched band shows the total statistical plus systematic uncertainty on the background estimate,
and the orange band shows the statistical uncertainty on the MC simulation. The error bars on the
data points represent the Poisson uncertainties corresponding to their event yields [70].

The systematic uncertainties in the boosted channel are evaluated in a very similar way
to those in the resolved channel. Additional detector response uncertainties are evaluated
on the large-R jet mass and energy as well as b-tagged track jets.

A maximum likelihood fit is performed on the mHH distribution in the signal region.
Unlike in the resolved analysis, the QCD multijet estimate is not allowed to float in the fit.
No significant excess are observed over the predicted background. The upper limits on
the production cross-section times branching ratio are set on the signal models at 95% CL
using the CLs method across the full resonance mass range. The limits are shown for each
signal model in Figure 44.
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Figure 44. Expected and observed 95% confidence level limits on the production cross-section 
times branching ratio of resonant ggF HH production in the boosted bb̄WW∗ channel in the 
36.1 fb−1 ATLAS dataset. Limits are set on benchmark (a) spin-0 and (b) spin-2 models. Limits on
spin-2 models with c = κ/MPl = 1.0 and 2.0 are both shown. The ±1σ and ±2σ uncertainties on 
the expected limits for the spin-0 benchmark model and the c = 1.0 spin-2 benchmark model are 
shown with the colored bands. [70]

Figure 44. Expected and observed 95% confidence level limits on the production cross-section times
branching ratio of resonant ggF HH production in the boosted bb̄WW∗ channel in the 36.1 fb−1

ATLAS dataset. Limits are set on benchmark (a,b). Limits on spin-2 models with c = κ/MPl = 1.0
and 2.0 are both shown. The ±1σ and ±2σ uncertainties on the expected limits for the spin-0
benchmark model and the c = 1.0 spin-2 benchmark model are shown with the colored bands [70].

The resolved and boosted channels are both used to set limits across the full resonance
mass range of 500 GeV to 3 TeV. The final analysis limits are found by using the limits
from whichever channel are the strongest at each resonance mass hypothesis as shown in
Figure 45. This results in a discontinuity in the limits at 1.3 TeV for the spin-0 benchmark
model and at 800 GeV for the spin-2 benchmark models.
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Figure 45. Expected and observed 95% confidence level limits on the production cross-section 
times branching ratio of resonant ggF HH production in the bb̄WW∗ channel using the 36.1 fb−1 

ATLAS dataset. Limits are set on benchmark (a) spin-0 and (b) spin-2 models. Limits on spin-2
models with c = κ/MPl = 1.0 and 2.0 are both shown. The ±1σ and ±2σ uncertainties on the 
expected limits for the spin-0 benchmark model and the c = 1.0 spin-2 benchmark model are 
shown with the colored bands. The stronger of the limits from the resolved and boosted channels 
is shown at each resonance mass hypothesis, resulting in a transition point at 1.3 TeV for the spin-0 
benchmark model and 800 GeV for the spin-2 benchmark models. [70]

Figure 45. Expected and observed 95% confidence level limits on the production cross-section times
branching ratio of resonant ggF HH production in the bb̄WW∗ channel using the 36.1 fb−1 ATLAS
dataset. Limits are set on benchmark (a,b). Limits on spin-2 models with c = κ/MPl = 1.0 and 2.0 are
both shown. The ±1σ and ±2σ uncertainties on the expected limits for the spin-0 benchmark model
and the c = 1.0 spin-2 benchmark model are shown with the colored bands. The stronger of the limits
from the resolved and boosted channels is shown at each resonance mass hypothesis, resulting in
a discontinuity at 1.3 TeV for the spin-0 benchmark model and 800 GeV for the spin-2 benchmark
models [70].
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7.5. Discussion of bb̄VV∗ Searches

ATLAS and CMS have both performed searches in bb̄VV∗ channels. The large H → bb̄
and H → VV∗ branching fractions and the good QCD multijet suppression due to leptonic
final states help to make these channels sensitive across a wide range of resonance masses.

CMS performed two analyses that search for low-mass resonances in the 2-lepton
bb̄VV∗ channel. The first is optimized for the bb̄WW∗ channel, and the second is optimized
for the bb̄ZZ∗ channel in both the bb̄``qq̄ and bb̄``νν decay modes. Both of these channels
have complex signature, and machine learning techniques are used to maximize sensitivity.
These channels are nonetheless limited in their sensitivity compared to other channels at
low mass.

The ATLAS bb̄WW∗ analysis uses resolved techniques to identify and reconstruct the
1-lepton H →WW∗ system. This is complicated by the fact that half of the signal events
contain a very soft lepton from the decay of the off-shell W boson, decreasing the efficiency
of the single lepton triggers. The resolved analysis is further complicated by the fact that in
the other half of signal events, the hadronic W boson is off-shell, resulting in low-pT jets.
Additionally, the neutrino reconstruction method is detrimental to the analysis sensitivity.
In a significant fraction of events, using the H mass constraint results in the correct solution
being mathematically impossible to obtain. In addition, the H mass constraint strongly
sculpts the background to look like signal. In the boosted analysis, the hadronic W boson
decay products overlap with each other and with the lepton for the resonance masses that
result in a boosted H → bb̄ decay. As a result, the overlap removal between the lepton and
jets results in a low signal selection efficiency and inclusion of radiated jets in the H →WW∗

reconstruction. Future iterations of the analysis would benefit from additional triggers.
The resolved analysis would benefit from more sophisticated selection and reconstruction
techniques. The boosted analysis would benefit significantly from particle flow large-R jets
and leptons for the H →WW∗ reconstruction.

The CMS boosted bb̄WW∗ analysis makes use of particle flow large-R jets and demon-
strates the sensitivity of the 1- and 2-lepton channels for large resonance masses. For masses
above 3 TeV, the single muon channel is competitive with the bb̄bb̄ channel. For masses
above 1 TeV, the 2-lepton channel can provide additional sensitivity that is comparable to
the 1-lepton and bb̄bb̄ channels.

8. Searches for HH Production in Other Channels

Other HH decay channels that do not include an H → bb̄ decay offer additional ways
to search for signals. The relatively large H →WW∗ branching fraction is exploited along
with the low backgrounds and clean signatures provided by diphoton and multilepton
final states.

8.1. ATLAS WW∗WW∗ Search

The ATLAS Collaboration has conducted a search for ggF resonant HH production in
the WW∗WW∗ channel in the multilepton final state [71] using a partial Run 2 dataset of
36.1 fb−1 of data collected in 2015 and 2016.

The search is interpreted in the context of a generic narrow spin-0 benchmark model.
The signal samples are generated with a width that is much smaller than the detector
resolution. Limits are set on the benchmark model in the mass range from 260 to 500 GeV.

The analysis is split into channels by the number of leptons in the final state. The chan-
nels are defined as having two leptons with the same sign electric charge, three leptons,
and four leptons. The two-lepton channel is split into three categories based on the flavor
of the leptons (ee, eµ and µµ). The three-lepton channel is split into two categories based on
the number of same-flavor opposite-sign (SFOS) lepton pairs (NSFOS = 0 and NSFOS = 1, 2).
The four-lepton channel is split into four categories based on the four lepton invariant mass
(m3` < 180 GeV and m3` > 180 GeV) and the number of SFOS lepton pairs (NSFOS = 0, 1
and NSFOS = 2).
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Events are selected using triggers that require either one or two leptons. In the
two lepton channel, events are required to have exactly two leptons with the same sign
electric charge and at least three anti-kt R = 0.4 jets. Events in the three lepton channel
are required to have exactly three leptons with a summed electric charge of ±1 and at
least two jets. Both channels have additional requirements on Emiss

T and the pT of the
leptons. Events are rejected if they contain a SFOS lepton pair with an invariant mass m``

of |m`` −mZ| < 10 GeV or m`` < 15 GeV. In the four lepton channel, events are required
to have exactly four leptons with a summed electric charge of 0. Events are rejected if
they have a SFOS lepton pair with m`` < 4 GeV. Events in all channels are rejected if they
contain any b-tagged jets.

The backgrounds include processes containing prompt leptons, leptons with incor-
rectly identified charges, and fake leptons that consist of nonprompt leptons and hadronic
jets misidentified as leptons. The prompt lepton backgrounds include diboson, triboson,
and tt̄Z processes and are estimated using simulation. The two- and three-lepton channels
have nonprompt lepton backgrounds that come from the conversion of prompt photons in
Vγ processes that are estimated using simulation. The remaining fake lepton background
contributions and the incorrectly identified charge background are estimated using data-
driven methods. Figure 46 shows the invariant masses of the two- and four-lepton systems
in the corresponding channels.
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Figure 46. Distributions of the invariant mass of (a) two and (a) four leptons in the respective 
channels for data, the background estimate and example signal hypotheses. The hatched band 
in the upper panel and the shaded band in the lower panel shows the systematic uncertainty in 
the background estimate. The error bars on the data points represent the Poisson uncertainties 
corresponding to their event yields. Each signal hypothesis is normalized to the integral of the 
background estimate. [71]
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Figure 47. Yields in data, background and signal after the selection optimized for the mX =

260 GeV signal hypothesis in each analysis category. TThe hatched band in the upper panel and
the shaded band in the lower panel shows the systematic uncertainty in the background estimate.
The error bars on the data points represent the Poisson uncertainties corresponding to their event
yields. The signal hypothesis is normalized to the integral of the background estimate across all
categories. [71]
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Figure 48. Expected and observed 95% confidence level limits on the production cross-section
times branching ratio of resonant ggF HH production in the WW∗WW∗ channel using a partial
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combination of all three channels. Observed limits are shown for the combination of the channels.
The ±1σ and ±2σ uncertainties on the combined expected limits are shown with the colored
bands. [71]

Figure 46. Distributions of the invariant mass of (a) two and (b) four leptons in the respective
channels for data, the background estimates, and example signal hypotheses. The lower panels show
the ratio of data to the background estimates. The hatched bands in the upper panels and the shaded
bands in the lower panels show the systematic uncertainty in the background estimates. The error
bars on the data points represent the Poisson uncertainties corresponding to their event yields. Each
signal hypothesis is normalized to the integral of the background estimate [71].

Optimized selection criteria consisting of requirements on four variables are used
to distinguish signal from background. The set of variables and the requirements on
each are optimized independently for each signal hypothesis in the two- and three-lepton
channels and for each category in the four-lepton channel. The variables include invariant
masses and angular separations of combinations of leptons and jets. The yields in each
category after the selection optimized for the mX = 260 GeV signal hypothesis are shown
in Figure 47.

Systematic uncertainties are evaluated on the modeling of leptons, jets, and Emiss
T as

well as the data-driven background estimate and theoretical modeling of all simulated
samples. The dominant uncertainties come from the jet modeling and the fake lepton
background estimate.
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Figure 47. Yields in data, the background estimate, and signal after the selection optimized for the
mX = 260 GeV signal hypothesis in each analysis category. The lower panel shows the ratio of data
to the background estimate. The hatched band in the upper panel and the shaded band in the lower
panel show the systematic uncertainty in the background estimate. The error bars on the data points
represent the Poisson uncertainties corresponding to their event yields. The signal hypothesis is
normalized to the integral of the background estimate across all categories [71].

A statistical analysis using a profile-likelihood-ratio test statistic based on the yields in
each analysis category is performed in each channel separately as well as a combination of
the three channels. No significant excesses are observed over the predicted background.
The upper limits on the production cross-section times branching ratio are set at 95% CL
using the asymptotic CLs method and are shown in Figure 48.
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Figure 48. Expected and observed 95% confidence level limits on the production cross-section times
branching ratio of resonant ggF HH production in the WW∗WW∗ channel using a partial Run 2
ATLAS dataset. Expected limits are shown for each channel individually as well as the combination
of all three channels. Observed limits are shown for the combination of the channels. The ±1σ and
±2σ uncertainties on the combined expected limits are shown with the colored bands [71].

8.2. ATLAS WW∗γγ Search

The ATLAS Collaboration conducted a search for ggF resonant HH production in the
WW∗γγ channel in the γγ`νjj final state [72] using a partial Run 2 dataset of 36.1 fb−1 of
data collected in 2015 and 2016.

The search is interpreted in the context of a generic narrow spin-0 benchmark model.
The signal samples are generated with a width that is much smaller than the detector
resolution. Limits are set on the benchmark model in the mass range from 260 to 500 GeV.

Events are selected using triggers that require two photons. Additionally, events are
required to contain at least two photons, the two ET-leading of which are selected to form
the H → γγ candidate. The selected photons are required to have an invariant mass of
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105 GeV < mγγ < 160 GeV, and the two photons are required to have transverse energies
that are at least 35% and 25% of mγγ. Events are also required to have at least two anti-kt
R = 0.4 jets, at least one lepton and no b-tagged anti-kt R = 0.4 jets. Finally, events are
required to have a large transverse momentum of the H → γγ candidate pγγ

T for signal
hypothesis with mX > 400 GeV, defining two signal regions.

The signal regions are both defined using a window in the diphoton invariant mass
of 121.7 GeV < mγγ < 128.5 GeV, which is determined by the H → γγ mass resolution.
The sideband regions are defined as 105 GeV < mγγ < 160 GeV, excluding the signal regions.

The background consists of the production of single Higgs bosons in the H → γγ
decay mode, SM production of HH in the WW∗γγ decay mode, and continuum γγ+jets
events that either contain at least two real photons or one real photon and one or more
jets misidentified as photons. The continuum γγ+jets background is parameterized with a
second-order polynomial fit to data in the sideband.

The signal as well as backgrounds involving a single Higgs boson and SM HH pro-
duction are parameterized by fitting the mγγ distribution in simulated samples. The distri-
butions are fit with a double-sided Crystal Ball function. The mγγ distributions for data
and the parameterized background fits are shown in Figure 49.
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Figure 49. Distribution of mγγ for data and the parameterized background fits for resonance 
masses (a) below 400 GeV and (b) above 400 GeV. The error bars on the data points represent the 
Poisson uncertainties corresponding to their event yields. The fits are found using the signal-plus-
background likelihood fit. [72]

The primary systematic uncertainty comes from the spurious signal effects used1332

to select the functional form for the continuum γγ background estimate, similar to the1333

method discussed in Section 6.2. Other systematic uncertainties are evaluated on the1334

modeling of the diphoton triggers and the photon, jet and b-tagging modeling as well as1335

on the PDF and parton showering used in the signal simulation.1336

A maximum likelihood fit of the mγγ distribution is used to perform the background1337

estimate and interpret the data. No significant excesses are observed over the predicted1338

Figure 49. Distributions of mγγ for data and the parameterized background fits for resonance masses
(a) below 400 GeV and (b) above 400 GeV. The error bars on the data points represent the Poisson
uncertainties corresponding to their event yields. The fits are found using the signal-plus-background
likelihood fit [72].

The primary systematic uncertainty comes from the spurious signal effects used to
select the functional form for the continuum γγ background estimate, similar to the method
discussed in Section 6.2. Other systematic uncertainties are evaluated on the modeling of
the diphoton triggers and the photon, jet, and b-tagging modeling as well as on the PDF
and parton showering used in the signal simulation.

A maximum likelihood fit of the mγγ distribution is used to perform the background
estimate and interpret the data. No significant excesses are observed over the predicted
background. The upper limits on the production cross-section times branching ratio are set
at 95% CL using the CLs method and are shown in Figure 50.
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Figure 50. Expected and observed 95% confidence level limits on the production cross-section times
branching ratio of resonant ggF HH production in the WW∗γγ channel using a partial Run 2 ATLAS
dataset. The ±1σ and ±2σ uncertainties on the expected limits are shown with the colored bands.
The discontinuity at mX = 400 GeV indicated by the vertical dashed line is due to the split in the
signal regions defined by the pγγ

T requirement. The mX = 400 GeV signal hypothesis is evaluated in
both signal regions [72].

8.3. Discussion of Searches in Other Channels

ATLAS has performed searches in the WW∗WW∗ and the WW∗γγ channels. Both
searches make use of the low backgrounds and clean events offered by H → γγ decays
and multilepton final states. The relatively large H →WW∗ branching ratio is offset by
the small branching ratios of W boson decays to leptons. Both searches are performed for
resonance masses below 500 GeV where they are expected to be most sensitive. The low
branching ratios, poor mass resolutions due to neutrinos, and the very low statistics result
in these channels not being as sensitive as channels that include H → bb̄ decays. Future
datasets that are significantly larger may make these channels more competitive.

9. Combination of HH Search Channels

No single decay channel is optimally sensitive to resonant HH production, and differ-
ent ranges of resonance mass hypotheses are dominated by different channels. A statistical
combination of the individual channels is performed to set limits on the signal hypotheses.

9.1. ATLAS Channel Combinations

The ATLAS Collaboration has performed two ggF resonant HH channel combinations:
the first as a combination of individual channel searches using a partial Run 2 dataset of
up to 36.1 fb−1 [73] and the second as a combination of individual channels using the full
Run 2 dataset of 126–139 fb−1 [74]. A statistical combination is performed on the results
of the individual analyses with a simultaneous fit to the data for the signal hypothesis
cross-sections. Nuisance parameters that encode the statistical and systematic uncertainties
for each individual channel are included in the fit. The upper limits on the production cross-
section times branching ratio are set on the signal models at 95% CL using the asymptotic
CLs method. The signal regions used in the simultaneous fit are either orthogonal by
construction or have negligible overlap.

The partial Run 2 dataset combination is conducted with searches performed in the
bb̄bb̄ [47], bb̄τ+τ− [75], bb̄γγ [76], bb̄WW∗ [70], WW∗WW∗ [71] and WW∗γγ [72] channels.
The partial dataset bb̄bb̄, bb̄τ+τ− and bb̄γγ analyses are similar to the full dataset analyses
described inSections 4.1, 5.1 and 6.2, respectively. The partial dataset bb̄WW∗, WW∗WW∗

and WW∗γγ analyses are described in Sections 7.4, 8.1 and 8.2, respectively.
The combined results are interpreted in the context of spin-0 and spin-2 benchmark

models. A generic scalar S is used as the spin-0 benchmark and is generated with a narrow
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width that is much smaller than the detector resolution. The spin-2 benchmark are Kaluza–
Klein gravitons GKK with κ/MPl = 1 and 2 with generated widths ranging from 3% to 25%
of the resonance masses. Limits are set on all three benchmark models for a mass range from
260 GeV to 3 TeV. The limits for all three benchmark models are shown in Figure 51 with
GKK theory predictions overlaid on the respective plots. The GKK model with κ/MPl = 1 is
excluded for the mass range of 310–1380 GeV, and the model with κ/MPl = 2 is excluded
for the mass range of 260–1760 GeV.
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times branching ratio of resonant ggF HH production combining channels using a partial Run 2 
ATLAS dataset in the context of (a) a generic scalar S, (c) a spin-2 Kaluza-Klein graviton GKK with 
κ/MPl = 1 and (d) a GKK with κ/MPl = 2. Limits are shown for the individual channels as well 
as the statistical combination of the channels. The ±1σ and ±2σ uncertainties on the combined 
expected limits are shown with the colored bands. The theoretical predictions are shown for the 
RS model with (c) κ/MPl = 1 and (c) κ/MPl = 2. [73]

Exclusion limits are set on the EWK-singlet model and the hMSSM using a com-
bination of the bb̄bb̄, bb̄τ+τ− and bb̄γγ channels. Experimental limits on the spin-01382

benchmark model are interpreted as constraints in the mS −mα plane in the EWK-singlet1383

model for tan β = 1 and tan β = 2 as shown in Figure 52. Limits are also set in the1384

sin α− tan β plane for mS = 260 GeV as shown in Figure 53a. The limits are additionally1385

interpreted as constraints in the mA − tan β plane of the hMSSM as shown in Figure 53b.1386

Figure 51. Expected and observed 95% confidence level limits on the production cross-section times
branching ratio of resonant ggF HH production combining channels using a partial Run 2 ATLAS
dataset in the context of (a) a generic scalar S, (c) a spin-2 Kaluza–Klein graviton GKK with κ/MPl = 1
and (d) a GKK with κ/MPl = 2. Limits are shown for the individual channels as well as the statistical
combination of the channels. The ±1σ and ±2σ uncertainties on the combined expected limits are
shown with the colored bands. The theoretical predictions are shown for the RS model with (c)
κ/MPl = 1 and (d) κ/MPl = 2. The legend is shown in (b) [73].

Exclusion limits are set on the EWK-singlet model and the hMSSM using a combination
of the bb̄bb̄, bb̄τ+τ−, and bb̄γγ channels. Experimental limits on the spin-0 benchmark
model are interpreted as constraints in the mS −mα plane in the EWK-singlet model for
tan β = 1 and tan β = 2 as shown in Figure 52. Limits are also set in the sin α − tan β
plane for mS = 260 GeV as shown in Figure 53a. The limits are additionally interpreted as
constraints in the mA − tan β plane of the hMSSM as shown in Figure 53b.
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Figure 52. Excluded regions of the EWK-singlet model for (a) tan β = 1 and (b) tan β = 2 using 
the combined upper limits from the spin-0 resonance search. The horizontal lines show indirect 
constraints from SM Higgs coupling measurements [77]. The dotted lines show the separation 
between regions where the width of the resonance is larger than 2% and 5% than its mass. The 
hatched areas show regions that cannot be excluded because the width of the resonance exceed 
10%, which is the maximum mass resolution of the channels included in the combination. [73]
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Figure 53. Excluded regions in (a) the EWK-singlet model for mS = 260 GeV and (b) the hMSSM
using the combined upper limits from the spin-0 resonance search. The vertical lines in (a) show
indirect constraints from SM Higgs coupling measurements [77]. [73]

Figure 52. Excluded regions of the EWK-singlet model for (a) tan β = 1 and (b) tan β = 2 using
the combined upper limits from the spin-0 resonance search. The horizontal lines show indirect
constraints from SM Higgs coupling measurements [77]. The dotted lines show the separation
between regions where the width of the resonance is larger than 2% and 5% of its mass. The hatched
areas show regions that cannot be excluded because the width of the resonance exceeds 10%, which
is the maximum mass resolution of the channels included in the combination [73].
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Figure 52. Excluded regions of the EWK-singlet model for (a) tan β = 1 and (b) tan β = 2 using 
the combined upper limits from the spin-0 resonance search. The horizontal lines show indirect 
constraints from SM Higgs coupling measurements [77]. The dotted lines show the separation 
between regions where the width of the resonance is larger than 2% and 5% than its mass. The 
hatched areas show regions that cannot be excluded because the width of the resonance exceed 
10%, which is the maximum mass resolution of the channels included in the combination. [73]
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Figure 53. Excluded regions in (a) the EWK-singlet model for mS = 260 GeV and (b) the hMSSM
using the combined upper limits from the spin-0 resonance search. The vertical lines in (a) show
indirect constraints from SM Higgs coupling measurements [77]. [73]

Figure 53. Excluded regions in (a) the EWK-singlet model for mS = 260 GeV and (b) the hMSSM
using the combined upper limits from the spin-0 resonance search. The vertical lines in (a) show
indirect constraints from SM Higgs coupling measurements [73,77].

The full Run 2 dataset combination uses searches in the bb̄bb̄ [42], bb̄τ+τ− [54], and
bb̄γγ [64] analyses described in Sections 4.1, 5.1, and 6.2, respectively.

The combined results are interpreted in the context of a spin-0 benchmark model.
A generic scalar X is used as the benchmark and is generated with a width of 10 MeV.
Limits are set for a mass range from 251 GeV to 3 TeV and are shown in Figure 54. The bb̄γγ
analysis is the most sensitive in the 251–400 GeV mass range, the bb̄τ+τ− analysis is the
most sensitive for 400–800 GeV, and the bb̄bb̄ analysis is the most sensitive for 800–3000 GeV.
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Figure 54. Expected and observed 95% confidence level limits on the production cross-section times
branching ratio of resonant ggF HH production combining channels using the full Run 2 ATLAS
dataset in the context of a generic scalar X. Limits are shown for the individual channels as well as
the statistical combination of the channels. The ±1σ and ±2σ uncertainties on the combined expected
limits are shown with the colored bands [74].

The largest deviation from the SM expectation is observed at mX = 1.1 TeV, corre-
sponding to the deviation observed in the bb̄τ+τ− channel. The local significance of this
deviation is 3.2 σ and the global significance is 2.1 σ as shown in Figure 55.
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Figure 55. Local p0-value as a function of the resonance mass mX for the spin-0 benchmark model.
Values are shown for the bb̄γγ, bb̄τ+τ−, and bb̄bb̄ channels individually as well as the statistical
combination of the channels. The largest excess in the combined limit is at a mass of 1.1 TeV with a
local significance of 3.2 σ and a global significance of 2.1 σ [74].
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Figure 56 shows an overlay of the limits from the partial Run 2 combination and the
limits from the full Run 2 analyses in the bb̄γγ (Section 6.2), resolved and boosted bb̄τ+τ−

(Section 5.1), and bb̄bb̄ (Section 4.1) channels.
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Figure 56. Expected and observed 95% confidence level limits on the production cross-section times
branching ratio of resonant ggF HH production combining channels using Run 2 ATLAS data in the
context of a generic scalar X. Limits are shown for the partial Run 2 dataset combination as well as
the individual channels using the full Run 2 dataset [78].

9.2. CMS Channel Combinations

The CMS Collaboration performed a ggF resonant HH channel combination using a
partial Run 2 dataset of 35.9 fb−1 [79].

Likelihood fits are performed to combine the results of the individual analyses. Sys-
tematic uncertainties from each channel are accounted for as nuisance parameters in the
fits, some of which are correlated across multiple channels. The upper limits on the pro-
duction cross-section times branching ratio are set on narrow-width spin-0 and spin-2
benchmark signal models at 95% CL using the CLs method in the mass range 250 GeV
to 3 TeV. The combination is conducted with searches performed in the bb̄bb̄ [48,80,81],
bb̄τ+τ− [57], bb̄γγ [61], and bb̄VV∗ [66] channels.

The partial dataset boosted bb̄bb̄ analysis is similar to the full dataset analysis described
in Section 4.1. The partial dataset resolved bb̄bb̄, resolved bb̄τ+τ−, bb̄γγ, and bb̄VV∗

analyses are described in Sections 4.2, 5.2, 6.1, and 7.1, respectively.
The limits for both benchmark models are shown in Figure 57.
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Figure 57. Expected and observed 95% confidence level limits on the production cross-section 
times branching ratio of resonant ggF HH production combining channels using a partial Run 
2 CMS dataset in the context of (a) spin-0 and (b) spin-2 benchmark models. The ±1σ and ±2σ 
uncertainties on the expected limits are shown with the colored bands. [79]

Figure 57. Expected and observed 95% confidence level limits on the production cross-section times
branching ratio of ggF resonant HH production combining channels using a partial Run 2 CMS
dataset in the context of (a,b). The ±1σ and ±2σ uncertainties on the expected limits are shown with
the colored bands [79].

Figure 58 shows an overlay of the limits from the combination, the individual channels
used in the combination, and the partial Run 2 bb̄`νqq̄ analysis [82].
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Figure 58. Expected and observed 95% confidence level limits on the production cross-section 
times branching ratio of resonant ggF HH production using a partial Run 2 CMS dataset in the 
context of (a) spin-0 and (b) spin-2 benchmark models for a combination as well as individual 
channels. The notation (2+2) refers to resolved bb̄bb̄ reconstruction using two pairs of jets, (2+1) 
refers to semi-boosted reconstruction using one large-R jet and one pair of small-R jets and (1+1) 
refers to boosted reconstruction using two large-R jets. [83]
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Figure 59. Branching ratios of SH as a function of mS, assuming the couplings of S to SM particles
are globally rescaled values of the H couplings for (a) small and (b) large values of mS. For
mS ≥ 2mH , the decay mode into HHH dominates under certain model assumptions. [39]

Figure 58. Expected and observed 95% confidence level limits on the production cross-section times
branching ratio of resonant ggF HH production using a partial Run 2 CMS dataset in the context
of (a,b) for a combination as well as individual channels. The notation (2+2) refers to resolved bb̄bb̄
reconstruction using two pairs of jets, (2+1) refers to semiboosted reconstruction using one large-R jet
and one pair of small-R jets, and (1+1) refers to boosted reconstruction using two large-R jets [83].

10. Searches for Resonant SH and SS Production

Both ATLAS and CMS have conducted searches for resonant production of additional
scalar bosons. The searches assume ggF production of a heavy scalar that decays into
a Higgs boson plus an additional scalar S (SH) or into a pair of S (SS). As discussed
in Section 2.2, S is expected to have mass-dependent couplings to SM particles that are
proportional to those of the SM Higgs boson, with a possible suppression of couplings
to vector bosons. The branching ratios of SH and SS as a function of mS are shown in
Figures 59 and 60, respectively, assuming no vector boson coupling suppression.
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times branching ratio of resonant ggF HH production using a partial Run 2 CMS dataset in the
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refers to boosted reconstruction using two large-R jets. [83]
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the decay mode into HHH dominates under certain model assumptions [39].

Version December 24, 2021 submitted to Symmetry 62 of 70

20 40 60 80 100 120
M1 [GeV]

10 4

10 3

10 2

10 1

100

BR
(h

1h
1

F4 SM
)

cccc

bbbb

bb +

bb

bbcc

+ +

bb +

bbW + W

150 200 250 300 350 400 450 500
M2 [GeV]

10 4

10 3

10 2

10 1

100

BR
(h

2h
2

X)

bbbb

W + W + W W

ZZZZ

bbW + W

h125h125h125h125
W + W ZZ

W + W tt

h125h125F2
SM

tttt

(a) (b)
Figure 60. Branching ratios of SS as a function of mS, assuming the couplings of S to SM particles 
are globally rescaled values of the H couplings for (a) small and (b) large values of mS. For 
mS ≥ 2mH , the decay mode into HHHH dominates under certain model assumptions. [39]

final states [84] using the full Run-2 LHC dataset of 137 fb−1 of data collected between1428

2016 and 2018. A heavy scalar H decays into a Higgs boson h and an another scalar hS1429

with Higgs-like couplings to SM particles. The decay mode in which h decays to τ+τ−1430

and hS decays to bb̄ is used.1431

The search is interpreted in the context of the NMSSM as well as generic models1432

predicting extra scalars. Limits are set for mH in the range 240 GeV to 3 TeV and mhS in1433

the range 60 GeV to 2.8 TeV with mhS < mH − 125 GeV1434

Events are selected with a combination of triggers that require a single lepton, a1435

lepton plus a τhad-vis or a pair of τhad-vis. Additionally, events are required to contain one1436

lepton that passes isolation criteria and one τhad-vis that passes τ lepton identification1437

criteria or to τhad-vis that pass the identification criteria. The τ lepton visible decay prod-1438

ucts are required to have opposite sign electric charge and be geometrically separated by1439

∆R > 0.5. Events are also required to contain at least one b-tagged anti-kt R = 0.4 jet1440

plus an additional jet. If the event contains two or more b-tagged jets, the h candidate is1441

built from the two that have the highest pT. If the event contains one b-tagged jet, it is1442

paired with the remaining jet with the highest b-tagging score to reconstruct h.1443

A set of multiclassifier neural networks (NNs) are used to discriminate signal1444

hypotheses from background. Each NN is trained on a group of signal hypotheses1445

with similar mH and mhS values. The NNs use kinematic properties of the selected1446

particles, invariant masses of combinations of particles as well as the b-tagging scores of1447

the jets used to reconstruct h. Each NN classifies events into five exclusive categories:1448

signal event, background events with two real τ leptons, events with hadronic jets1449

misidentified as τhad, tt̄ events with no more than one real τhad, events from other1450

background processes such as Z+jets and single Higgs boson production.1451

The primary background process in the τlepτhad final state is tt̄ production with1452

one real lepton and one real τ lepton, which is estimated using simulation. In the1453

τhadτhad final state, the background is dominated by QCD multijet events with hadronic1454

jets misidentified as τhad and Z+jets events where the Z decays into two real τhad.1455

Background processes that contain two real τhad, either from the decay of a Z boson1456

or two W bosons, are estimated using a τ-embedding method [85]. Data events that1457

contain two muons are selected and the muon signatures are replaced with signatures of1458

simulated τhad with the same kinematic properties.1459

The QCD multijet background as well as tt̄ and W+jets events that contain hadronic1460

jets misidentified as τhad are estimated using a data-driven fake factor method. Three1461

dedicated control regions (CRs) enriched in QCD multijet, W+jets and tt̄ events are used1462

to determine the fake factors associated with each process. The QCD multijet CR is1463

defined by a requirement that the two τ lepton visible decay products have the same1464

sign electric charge. A large transverse mass of the lepton and Emiss
T requirement and a1465

Figure 60. Branching ratios of SS as a function of mS, assuming the couplings of S to SM particles are
globally rescaled values of the H couplings for (a) small and (b) large values of mS. For mS ≥ 2mH ,
the decay mode into HHHH dominates under certain model assumptions [39].

10.1. CMS SH → bb̄τ+τ− Search

The CMS Collaboration conducted a search for resonant production of a Higgs boson
plus an additional scalar in the bb̄τ+τ− channels in the bb̄τhadτhad and bb̄τlepτhad final
states [84] using the full Run 2 dataset of 137 fb−1 of data collected between 2016 and 2018.
A heavy scalar H decays into a Higgs boson h and an another scalar hS with SM Higgs
boson-like couplings to SM particles. The decay mode in which h decays to τ+τ− and hS
decays to bb̄ is used.

The search is interpreted in the context of the NMSSM as well as generic models
predicting extra scalars. Limits are set for mH in the range 240 GeV to 3 TeV and mhS in the
range 60 GeV to 2.8 TeV with mhS < mH − 125 GeV.

Events are selected with a combination of triggers that require a single lepton, a lepton
plus a τhad-vis, or a pair of τhad-vis. Additionally, events are required to contain one lepton
that passes isolation criteria and one τhad-vis that passes τ lepton identification criteria or
two τhad-vis that pass the identification criteria. The τ lepton visible decay products are
required to have opposite sign electric charge and be geometrically separated by ∆R > 0.5.
Events are also required to contain at least one b-tagged anti-kt R = 0.4 jet plus an additional
jet. If the event contains two or more b-tagged jets, the h candidate is built from the two that
have the highest pT. If the event contains one b-tagged jet, it is paired with the remaining
jet with the highest b-tagging score to reconstruct h.

A set of multiclassifier neural networks (NNs) are used to discriminate signal hypothe-
ses from background. Each NN is trained on a group of signal hypotheses with similar
mH and mhS values. The NNs use kinematic properties of the selected particles, invariant
masses of combinations of particles, and the b-tagging scores of the jets used to reconstruct
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h. Each NN classifies events into five exclusive categories: signal events, background events
with two real τ leptons, events with hadronic jets misidentified as τhad, tt̄ events with no
more than one real τhad, and events from other background processes such as Z+jets and
single Higgs boson production.

The primary background process in the τlepτhad final state is tt̄ production with one
real lepton and one real τ lepton, which is estimated using simulation. In the τhadτhad final
state, the background is dominated by QCD multijet events with hadronic jets misidentified
as τhad and Z+jets events where the Z decays into two real τhad. Background processes that
contain two real τhad, either from the decay of a Z boson or two W bosons, are estimated
using a τ-embedding method [85]. Data events that contain two muons are selected,
and the muon signatures are replaced with signatures of simulated τhad with the same
kinematic properties.

The QCD multijet background as well as tt̄ and W+jets events that contain hadronic
jets misidentified as τhad are estimated using a data-driven fake factor method. Three
dedicated control regions (CRs) enriched in QCD multijet, W+jets and tt̄ events are used to
determine the fake factors associated with each process. The QCD multijet CR is defined
by a requirement that the two τ lepton visible decay products have the same sign electric
charge. A large transverse mass of the lepton and Emiss

T requirement and a veto on b-tagged
jets are used to define the W+jets CR. Events in the tt̄ CR are required to have more than
two leptons. Corrections to the fake factors are derived in additional control regions to
account for nonclosure effects.

All other background processes for both final states are estimated using simulation.
Experimental and theoretical uncertainties are evaluated on the background estimates

as well as the signal hypotheses. Uncertainties are evaluated on several aspects of the
detector response modeling, the dominant of which is the τhad trigger efficiency and the
rate at which leptons are misidentified as τhad. The τ-embedding process has associated
uncertainties, including an uncertainty on the composition of the events. The fake factor
method has uncertainties that include normalization and nonclosure effects.

An extended binned likelihood is used to fit the outputs of the NNs in each of the
five categories. No significant excesses are observed over the predicted background. The
upper limits on the production cross-section times branching ratio are set on the signal
hypotheses at 95% CL using the CLs method, combining both final states. The limits are
shown in Figure 61 as a function of mhS for each value of mH . The limits are also shown in
the mH −mhS plane in Figure 62 along with an indication of the regions that exclude the
maximally allowed values in the NMSSM.
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Figure 61. Expected and observed 95% confidence level limits on the production cross-section times
branching ratio of resonant production of a Higgs boson plus an additional scalar in the bb̄τ+τ−

channel using the full Run 2 CMS dataset. The limits are shown as a function of the mass of the
additional scalar mhS and are scaled by orders of ten to show the different masses of the heavy
scalar mH . The ±1σ and ±2σ uncertainties on the combined expected limits are shown with the
colored bands [84].
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Figure 62. Observed 95% confidence level limits on the production cross-section times branching
ratio of resonant production of a Higgs boson plus an additional scalar in the bb̄τ+τ− channel in
the mH − mhS plane. The limits are given by the color indicated on the scale. The region where
the observed limit falls below the maximally allowed values in the NMSSM is indicated by the red
hatched area [84].

10.2. ATLAS SS→WW(∗)WW(∗) Search

For extended Higgs sector models in which bosonic decay modes of S are not sup-
pressed, S → WW(∗) is the dominant decay mode for mS & 135 GeV. Therefore, the
WW(∗)WW(∗) channel provides a combination of a clean signature with low background
and a high branching ratio to search for resonant X → SS production.

The search for HH in the WW∗WW∗ channel conducted by the ATLAS Collaboration
using 36.1 fb−1 data as described in Section 8.1 was also used to search for SS production
in the same channel. The methodology is the same for both signal models, with dedicated
selection optimizations for each X → SS signal hypothesis. The event yields in each
category after the selection optimized for the mX = 280 GeV mS = 135 GeV signal
hypothesis are shown in Figure 63.
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Figure 63. Event yields in data, background, and signal after the selection optimized for the
mX = 280 GeV mS = 135 GeV signal hypothesis in each analysis category. The lower panel shows
the ratio of data to the background estimates. The hatched band in the upper panel and the shaded
band in the lower panel shows the systematic uncertainty in the background estimate. The error bars
on the data points represent the Poisson uncertainties corresponding to their event yields. The signal
hypothesis is normalized to the integral of the background estimate across all categories [71].

The upper limits on the production cross-section times branching ratio are set at 95%
CL using the CLs method on signal hypotheses with mX = 340 GeV and mS in the range of
135–165 GeV as well as mS = 135 GeV and mX in the range of 280–340 GeV. The limits are
shown in Figure 64.
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channel, as well as combined expected and observed limits. The ±1σ and ±2σ uncertainties on 
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Figure 64. Expected and observed 95% confidence level limits on the production cross-section times
branching ratio of resonant SS production in the WW(∗)WW(∗) decay mode and the multilepton
final state using a partial Run 2 ATLAS dataset. Limits are set as a function of (a) mS and (b) mX for
constant values of the other mass. Expected limits are shown individually for each channel, as well
as combined expected and observed limits. The ±1σ and ±2σ uncertainties on the expected limits
are shown with the colored bands [71].

10.3. Discussion of SH and SS Searches

CMS and ATLAS have both performed searches for resonant production of extra
scalar bosons.

The CMS analysis uses the bb̄τ+τ− final state to search for SH production where
H decays to τ+τ− and S decays to bb̄. The search is performed over a large range of
mS from 60 to 2975 GeV. For mS < mH , the branching ratio of S decaying to bb̄ remains
approximately the same as for HH. Under models that follow the sum rule, S→ bb̄ remains
important for mS > mH . Constraining the search to use S→ bb̄, reduces the total branching
ratio by a factor of about 2 but offers advantages over including S→ τ+τ− decays. For
low values of mX and mS, an S→ τ+τ− decay would be very soft, making it difficult
to select events with triggers that require leptons or hadronically decaying τ leptons.
Additionally, the mH constraint allows the τ+τ− system to be approximately reconstructed
as a way to discriminate signal from background. The exclusion limits are presented in a
two-dimensional mass plane under the assumption of the NMSSM.

The ATLAS analysis uses the WW∗WW∗ decay mode in multilepton final states to
search for SS production. The search is constrained to mS between 135 and 165 GeV.
Under the assumption that the sum rule is not followed, S→WW∗ has the dominant
branching ratio for mS > 135 GeV. The upper bound is used based on the assumption
that for mS > 2mt, S would decay primarily into tt̄. This assumption has been shown to
be invalid. Future iterations of the search would benefit from an extended mass range.
Additionally, the exclusion limits in future iterations would be more useful if presented in
a two-dimensional plane.
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These are the first two experimental results testing the existence of such models.
A wide range of final states and topologies need to be studied to provide a comprehensive
search for both SH and SS production. The two searches represent the beginning of a much
larger search program for both collaborations.

11. Conclusions

A comprehensive overview of the state-of-the-art experimental searches for resonant
production of scalar boson pairs by the ATLAS and CMS Collaborations using

√
s = 13 TeV

pp collisions from Run 2 LHC data is presented. The searches use between 35.9 and 139 fb−1

of data.
Searches for resonant HH production are performed in numerous channels by both

ATLAS and CMS. The results from the searches are interpreted in the context of multiple
benchmark signal models. A summary of the searches performed by ATLAS is given in
Table 3 and a summary of the searches performed by CMS is given in Table 4. Results from
the individual channels are combined and shown in Sections 9.1 and 9.2.

Table 3. Summary of the searches for resonant HH production performed by the ATLAS Collabora-
tion using Run 2 LHC data.

Channel Analysis Mass Range Lumi. Section Ref.

bb̄bb̄
ggF resolved 251–1500 GeV 126 fb−1

Section 4.1.1 [42]
ggF boosted 900–3000 GeV 139 fb−1

VBF resolved 260–100 GeV 126 fb−1 Section 4.1.2 [45]

bb̄τ+τ− resolved 251–1600 GeV
139 fb−1 Section 5.1.1 [54]

boosted 1000–3000 GeV Section 5.1.2 [56]

bb̄γγ resolved 251–1000 GeV 139 fb−1 Section 6.2 [64]

bb̄WW∗ resolved 1` 500–3000 GeV
36.1 fb−1 Section 7.4 [70]boosted 1` 800–3000 GeV

WW∗WW∗ multilepton 260–500 GeV 36.1 fb−1 Section 8.1 [71]

WW∗γγ 1-lepton 251–1000 GeV 36.1 fb−1 Section 8.2 [72]

Table 4. Summary of the searches for resonant HH production performed by the CMS Collaboration
using Run 2 LHC data.

Channel Analysis Mass Range Lumi. Section Ref.

bb̄bb̄ resolved 260–1200 GeV 35.9 fb−1 Section 4.2.1 [48]
boosted 1000–3000 GeV 138 fb−1 Section 4.2.2 [52]

bb̄τ+τ− resolved 250–900 GeV
35.9 fb−1 Section 5.2.1 [57]

boosted 900–4000 GeV Section 5.2.2 [60]

bb̄γγ resolved 250–900 GeV 35.9 fb−1 Section 6.1 [61]

bb̄VV∗
resolved bb̄``νν 260–900 GeV

35.9 fb−1 Section 7.1 [66]
resolved bb̄ZZ∗ 260–1000 GeV Section 7.2 [67]
boosted 1`/2` 800–4500 TeV 138 fb−1 Section 7.3 [68]

Additionally, a search for SH production in the bb̄τ+τ− channel is performed by CMS,
and a search for SS production in the WW∗WW∗ channel is performed by ATLAS.

No significant excesses have been observed, but searching for resonant scalar pair
production is a very active area of research with many ongoing analyses in both ATLAS
and CMS. Many updated and new search results are expected as the full Run 2 datasets
continues to be analyzed and as the LHC Run 3 data collection begins.
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