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1 Introduction

The measured properties of the Higgs boson (H) discovered [1–3] by the ATLAS and CMS
Collaborations at the CERN LHC are consistent with the expectations of the standard
model (SM) Brout–Englert–Higgs (BEH) mechanism [4–11] within the current experimental
precision [12, 13]. One aspect of the BEH mechanism that is largely unknown experimentally is
the exact shape of the Higgs potential, which, in the SM, is related to the trilinear self-coupling
of the Higgs boson and can be directly probed using Higgs boson pair (HH) production [14].
In the SM, the dominant HH production mode at the LHC is gluon-gluon fusion (ggF),
followed by vector boson fusion (VBF) production, with cross sections of 34.1+2.2

−7.9 fb [15–17]
and 1.87 ± 0.05 fb [18, 19], respectively, at the centre-of-mass energy (

√
s) of 13.6 TeV for

a Higgs boson mass of 125 GeV. The VBF production mode is furthermore sensitive to
the quartic coupling between two Higgs bosons and two vector bosons [20]. Representative
Feynman diagrams of HH production in the ggF and VBF modes are shown in figure 1.

The HH production process has not yet been observed. Previous searches for HH
production have been performed by the ATLAS and CMS Collaborations with LHC Run 2
data at 13 TeV in various final states and their combinations [21–23]. Recently, the ATLAS
Collaboration also published a search for HH production in the final state with a bottom
quark-antiquark pair (bb) and two photons, combining both LHC Run 2 and Run 3 data
at 13 TeV and 13.6 TeV, respectively [24].

This article presents a search for non-resonant HH production, targeting final states
where one Higgs boson decays to bb and the other Higgs boson decays to two W bosons,
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Figure 1. Leading-order Feynman diagrams of HH production in the ggF production mode assuming
top quarks in the fermion loop (top row) and in the VBF production mode (bottom row) in the SM.

both of which decay leptonically to an electron or a muon, and a neutrino. Previous searches
in the bbWW channel with the Run 2 data set were performed by the CMS Collaboration
in final states with one or two leptons, setting an observed (expected) upper limit on the
inclusive HH production cross section of 14 (18) times the SM prediction at 95% confidence
level (CL) [25], and by the ATLAS Collaboration in the two-lepton final state with an upper
limit of 9.7 (16.2) times the SM prediction at 95% CL [26].

In this search, events are selected with exactly two oppositely charged leptons (µ
+

µ
−,

e+e−, e±µ
∓). The selected events are categorised based on the output of a multiclassification

neural network (NN) into several regions targeting HH signal events from ggF or VBF
production, or background events from different processes. The categorisation is further
refined based on the b-tagged jet multiplicity and the presence of a jet from a Lorentz-
boosted H → bb candidate. The events in the signal-enriched regions are then classified
by dedicated binary NNs designed to separate ggF or VBF signal events from background
events. The output distributions of the binary NNs, together with the event yield in the
background-enriched regions, enter the final fit as sensitive observables. An upper limit is
set on the inclusive HH production cross section, and the result is used to constrain the
strength of the trilinear Higgs boson self-coupling as well as the quartic coupling between two
Higgs bosons and two vector bosons. Throughout this article, the values of the Higgs boson
couplings are expressed in terms of coupling modifiers κ, denoting the coupling strength
relative to the SM prediction [27]. The modifier of the trilinear coupling is denoted by κλ,
and that of the quartic coupling by κ2V .

Several refinements have been implemented relative to the previous search [25]. A new
classification strategy, utilising a staged multiclassification-plus-binary NN approach, resulted
in an improvement in sensitivity of approximately 50%, evaluated as the exclusion limit
expected with a dataset of the same size as used in ref. [25]. Furthermore, an improved trigger
strategy for e+e− (e±µ

∓) events led to an increase of the signal yield in this channel by 5%
(1%) inclusively and up to 17% (3%) in the most signal-like bins of the final discriminant
distribution. Finally, an improved b tagging algorithm was used, and the analysis benefits
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from the higher centre-of-mass energy of Run 3, resulting in a 5% increase in the ratio of
signal events to the square root of the number of background events.

This article is structured as follows. The CMS detector as well as the object and event
reconstruction are described in section 2, followed by a description of the data and the
simulated event samples in section 3. The event selection and the analysis strategy are
detailed in section 4, and systematic uncertainties are discussed in section 5. The statistical
analysis and the results obtained are presented in section 6. Finally, a summary is provided
in section 7. Tabulated results are provided in the HEPData record for this analysis [28].

2 The CMS detector and event reconstruction

The CMS apparatus [29, 30] is a multipurpose, nearly hermetic detector, designed to trigger
on [31–33] and identify muons, electrons, photons, and (charged and neutral) hadrons [34–
36]. Its central feature is a superconducting solenoid of 6 m internal diameter, providing
a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip tracker,
a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator
hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters
extend the pseudorapidity coverage provided by the barrel and endcap detectors. Muons are
reconstructed using gas-ionisation detectors interleaved with the layers of the steel flux-return
yoke outside the solenoid. More detailed descriptions of the CMS detector, together with
a definition of the coordinate system used and the relevant kinematic variables, can be
found in refs. [29, 30]. A global “particle-flow” (PF) algorithm [37] aims to reconstruct all
individual particles in an event, with an optimised combination of information from the
various elements of the CMS detector. The reconstructed particles are used to build jets
and missing transverse momentum (pmiss

T ) [38, 39].
Events of interest are selected using a two-tiered trigger system. The first level, composed

of custom hardware processors, uses information from the calorimeters and muon detectors
to select events at a rate of around 100 kHz within a fixed latency of 4 µs [31]. The second
level, known as the high-level trigger, consists of a farm of processors running a version of
the full event reconstruction software optimised for fast processing, and reduces the event
rate to a few kHz before data storage [32, 33].

The reconstruction of muons relies on a combination of measurements in the tracker and
in the muon detectors [35]. The muons are identified based on the quality of the combined
track fit and on the number of hits in the different tracking detectors, with an efficiency of
about 90%, including the isolation requirements described below. The transverse momentum
(pT) resolution in the barrel is better than 1% (7%) for muons with pT up to 100 GeV
(1 TeV) [35]. Muons are required to lie within the acceptance of the muon system, covering
pseudorapidity (η) values of |η| < 2.5, and to have pT > 25 and 15 GeV for the pT-leading
and subleading muons, respectively.

Electrons are reconstructed by combining the momentum measurement in the tracker
with the energy measurement of the corresponding cluster in the ECAL and with the energy
sum of all bremsstrahlung photons, obtained from the ECAL, spatially compatible with
originating from the electron track [34, 40]. The electrons are identified using criteria on
the cluster shape in the ECAL, the track quality, and the compatibility between the tracker
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and ECAL measurements, corresponding to an identification efficiency of approximately
80%, including the isolation requirements described below. The momentum resolution for
electrons with pT of about 45 GeV ranges from 1.6 to 5% [34, 40]. Electrons are required to
have |η| < 2.4 as well as pT > 25 and 15 GeV for the pT-leading and subleading electrons,
respectively. Electrons reconstructed in the transition region 1.44 < |η| < 1.56 between the
barrel and the endcap calorimeters are discarded.

Isolation requirements are imposed on the muons and electrons with the aim of suppressing
leptons originating from decays of heavy hadrons inside jets. The isolation is based on the
scalar pT sum of all PF objects in a cone of radius 0.3 in the η-ϕ plane around the track
direction of the lepton, where ϕ denotes the azimuthal angle, and it is corrected by removing
contributions arising from additional proton-proton (pp) interactions in the same or an
adjacent bunch crossing (pileup) [41].

Hadronic jets are clustered from the PF objects using the anti-kT algorithm [42, 43] with
a distance parameter of 0.4 (jets) and of 0.8 (large-radius jets). No matching is performed
between jets and large-radius jets, but they are treated as independent objects; thus, a
large-radius jet will typically also appear as one or several corresponding jets in the event.
The pileup-per-particle identification algorithm (PUPPI) [41, 44] is used to mitigate the
effect of pileup at the reconstructed-particle level. Jet energy corrections are applied to bring
the measured response of jets to that of particle level jets on average [38]. The jet energy
resolution amounts typically to 15–20% at 30 GeV, 10% at 100 GeV, and 5% at 1 TeV [38].
Jets (large-radius jets) overlapping within a cone of radius 0.4 (0.8) in the η-ϕ plane with
a muon or an electron passing the criteria described above are discarded. For the analysis,
jets and large-radius jets with |η| < 2.4 as well as with pT > 25 GeV and pT > 200 GeV,
respectively, are selected.

In addition, jets with |η| > 2.4 (forward jets) are used in the identification of HH
production via the VBF process, which is characterised by the presence of jets with large
|η| values. Jets that are less (more) forward with 2.4 < |η| < 3 (|η| > 3) and pT > 50 GeV
(pT > 30 GeV) are selected. Out of all the jets and the forward jets that are not used for
the H → bb reconstruction, all possible pairs are selected, and the pair with the largest
pseudorapidity gap ∆η is referred to as the VBF jet pair. An event is considered as VBF
tagged if the VBF jet pair has ∆η > 3 and an invariant dijet mass larger than 500 GeV.

Jets arising from the hadronisation of b quarks (b jets) are identified using the Parti-
cleNet tagging algorithm [45–47]. Jets are considered as b tagged if they fulfil a requirement
on the ParticleNet discriminant that corresponds to a b tagging efficiency of approxi-
mately 80% and a 1% (14%) misidentification probability for light-flavour quark and gluon
(charm quark) induced jets. The ParticleNet algorithm is further used to identify Higgs
bosons with large pT decaying to bb [45, 48]. Large-radius jets are considered as boosted
H → bb candidate jets if they fulfil a requirement on the ParticleNet discriminant that
corresponds to an efficiency of approximately 26% (22%) of identifying H → bb jets for ggF
(VBF) production, with a background misidentification rate of 2%. The b jet [49, 50] and
the H → bb jet [48] (mis)identification probabilities are corrected to match the efficiencies
measured in data.
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3 Data and simulated event samples

Data from pp collisions at
√

s = 13.6 TeV collected in 2022 and 2023, corresponding to an
integrated luminosity of 62 fb−1, are analysed. The data are reconstructed separately in four
different data-taking periods with different detector conditions — 8 fb−1 and 27 fb−1 of the
data collected in 2022 as well as 18 fb−1 and 10 fb−1 of the data collected in 2023 — and
appropriate per-period calibrations are applied before the data are combined for the analysis.
The simulated events described in the following are generated accordingly in four different
samples for each physical process, reflecting the different data-taking conditions.

Signal and background events are modelled using the Monte Carlo (MC) event generators
powheg v2.0 [51–54] or MadGraph5_amc@nlo v2.9.13 [55], interfaced with a detailed
detector simulation based on Geant4 [56]. The proton structure is described by the parton
distribution function (PDF) set NNPDF3.1 [57] at next-to-next-to-leading order (NNLO)
precision in quantum chromodynamics (QCD) perturbation theory. Parton showering (PS)
and hadronisation are simulated with pythia v8.306 [58], where the parameters for the
underlying event description correspond to the CP5 tune [59]. For comparison with the
observed distributions, the events in the simulated samples are normalised to the same
integrated luminosity as the data sample, according to their predicted cross sections. Pileup
effects are modelled by adding simulated minimum bias events to all simulated events with
a frequency distribution adjusted to match that observed in the data.

The HH signal process in the ggF production channel is simulated at next-to-leading
order (NLO) precision in QCD with powheg [60, 61]. Samples with different values of κλ

are generated, allowing the kinematic distributions for different κλ values to be modelled
using a weighted sum of the samples [14]. Signal events in the VBF production channel
are generated with MadGraph5_amc@nlo at leading-order (LO) precision. Samples
with different values of κλ and κ2V are produced, allowing the kinematic distributions to
be modelled for each (κλ, κ2V) configuration, following the same principle as for the ggF
samples. The resulting inclusive HH cross section for each value of the coupling modifiers
is normalised to a calculation at NNLO precision in QCD [15–17]. All relevant HH decay
modes are considered, with relevant contributions arising from bbWW, bbττ, and bbZZ.

The final state targeted by this search is dominated by background processes from top
quark-antiquark (tt) and single top quark (single-t/t) production, as well as Z/γ

∗ + jets,
referred to as Drell–Yan (DY) production. The overall normalisation of the tt and DY
processes are measured in situ in the final fit to data described in section 6.

The tt background process is simulated at NLO precision in QCD using powheg [62].
The top quark pT spectrum in the powheg simulation has been found to be harder than the
one observed in data. This is attributed to missing higher-order calculations [63, 64], and
therefore the simulated events are reweighted to match the prediction at NNLO precision
in QCD and NLO precision in electroweak corrections [65]. The corrections at 13 TeV are
taken from ref. [65], and an additional small correction is applied to extrapolate them
to 13.6 TeV, following ref. [66]. The inclusive cross section is normalised to a calculation
at NNLO precision in QCD including resummation of next-to-next-to-leading logarithmic
soft-gluon terms [67–73].
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The single-t/t background is dominated by tW production, with small additional contri-
butions from single top quark production in the t and s channels. The processes are simulated
at NLO precision in QCD, for tW production and in the t channel with powheg [74, 75],
and in the s channel with MadGraph5_amc@nlo. The inclusive cross section of the tW
process is normalised to calculations at approximate NNLO precision [76], and the t and s

channel processes to predictions at NLO precision [77, 78].
The DY background process is simulated with up to two partons at the matrix ele-

ment (ME) level at NLO precision in QCD with MadGraph5_amc@nlo, where the merging
of the jets from the ME calculation and the PS is done using the FxFx [79] prescription.
Dedicated corrections, described later in section 4.4, are derived from data to improve the
modelling of relevant observables, such as the jet multiplicity spectrum in DY events. The
DY events are separated into two mutually exclusive processes, based on the flavour of the
jets at the particle level, where these jets fulfil the acceptance requirements of pT > 20 GeV
and of |η| < 2.4. Events with at least one particle-level jet that contains one or more b- or
c-flavoured hadrons are classified as DY + heavy-flavour jets (DY + HF) events, and all other
events are classified as DY + light-flavour and gluon jets (DY + LF) events.

Minor background contributions arise from the resonant production of single Higgs bosons
(H production). The H production processes in the ggF and VBF channels, associated
production with a vector boson (VH), ZH production in ggF, and tt associated production are
simulated at NLO precision using powheg [80–84]. Associated ttVH production is simulated
at NLO precision using MadGraph5_amc@nlo, and single-t/t associated H production
in the tHq and tHW channels is simulated at LO precision using MadGraph5_amc@nlo.
Their cross sections are normalised to the latest available calculations, taken from ref. [16].

Further minor background contributions stem from W + jets production, the production of
two (VV) or three (VVV) Z or W bosons, tt production in association with one (ttV) or two
(ttVV) Z or W bosons, and from the production of four top quarks (tttt). They are simulated
using powheg [85] (VV, VVV) and MadGraph5_amc@nlo (W + jets, ttV, ttVV, tttt).

4 Event selection and analysis strategy

Events are selected with exactly two oppositely charged leptons (µ
+

µ
−, e+e−, e±µ

∓). The
selected events are categorised into several signal regions (SRs), targeting ggF and VBF
production, or into background control regions (CRs), based on the output of a multiclassifi-
cation NN as well as the b-tagged jets multiplicity and the presence of a boosted H → bb
candidate jet. The events in the SRs are classified by additional NNs designed to separate
ggF or VBF signal events from background events. The distributions of the output values
of the binary NNs in the SRs, together with the event yield in the CRs, enter the final
fit as sensitive observables.

Contributions from SM background processes are modelled using the simulated events
described in section 3. Dedicated corrections are derived for the DY events to improve
the modelling of the data, and the normalisations of the dominant tt and DY background
processes are determined in the final fit to data.
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The event selection, the analysis strategy, the details of the NN architecture and training,
as well as the background modelling are detailed in the following, and the analysis strategy
is illustrated in figure 2.

4.1 Event selection

The data are selected using a combination of triggers. The triggers require the presence
of either one or two muon candidates for the µ

+
µ
− events, one or two electron candidates

for the e+e− events, as well as one muon or one electron candidate, or one muon and one
electron candidate, for the e±µ

∓ events. The minimal thresholds on the trigger objects are
pT > 8 GeV for the muons and pT > 12 GeV for the electrons. The trigger selection for e+e−

and e±µ
∓ events features an inefficiency at lepton pT above 100 GeV owing to an electron

isolation criteria employed in the electron triggers. This is compensated by using additional
triggers with looser electron isolation criteria that require the presence of two electrons with
pT > 33 GeV or of one electron with pT > 50 GeV and one jet with pT > 165 GeV. The
latter criteria are new compared to the previous search [25]. As a result, the total selection
efficiency with respect to the offline reconstruction achieved for signal events after the event
selection described below is 98% in the µ

+
µ
− channel, 95% in the e+e− channel, and 96%

in the e±µ
∓ channel. The single-lepton triggers and the two new triggers contribute up to

12% to the signal selection efficiency, depending on the channel.
A further offline selection, referred to as the baseline selection, requires events to have

exactly two muons or two electrons or one muon and one electron of opposite charge, and
at least one b-tagged jet. Events are rejected if further muons or electrons are present
with pT > 5 or 7 GeV, respectively. Events must be accepted by a trigger based on online
leptons with a flavour consistent with that of the two leptons selected offline; for example,
µ

+
µ
− events are required to pass a dimuon or single-muon trigger. The invariant mass of

the selected lepton pair, mℓℓ , is required to be larger than 20 GeV to suppress events from
heavy-flavour resonance decays and low-mass DY processes.

The selected events are then separated into an analysis region with 20 < mℓℓ < 70 GeV
and pmiss

T > 40 GeV as well as into validation regions with mℓℓ > 110 GeV, enriched in tt
events, and with 70 < mℓℓ < 110 GeV for e+e− and µ

+
µ
− events, enriched in DY events. The

analysis region events are used in the final analysis to extract the signal, and the validation
region events are used to verify the tt and DY background modelling and derive corrections
for the DY background. The total selection efficiency for HH → bbWW signal events in
final states with two leptons (e+e−, µ

+
µ
−, or e±µ

∓) in the analysis region is 12%.
The event selection criteria are summarised in table 1.

4.2 Analysis strategy

The events in the analysis region are categorised in several steps, as illustrated in figure 2.
First, the events are categorised by a multiclassification NN (NNcat) designed to separate
between different signal and background processes. The values obtained in the output
nodes of the NNcat are normalised to unity using a “soft-max” function, and, as a result,
the output values can be interpreted as probabilities describing the likelihood of the event
being of a certain process. Events are assigned to the category corresponding to the most
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Figure 2. Illustration of the event categorisation: SRs are depicted in red, background CRs in blue.
Details of the NNs are described in the text. The binary NN output distributions (O) and the event
yields (Y) in the CRs enter the final fit as sensitive observables.
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Baseline selection

Number of leptons 2

pT of leading lepton >25 GeV

pT of subleading lepton >15 GeV

|η| of electrons <2.5

|η| of muons <2.4

Number of jets ≥1

Number of b-tagged jets ≥1

pT of jets >25 GeV

|η| of jets <2.4

AR DY VR tt VR

Sign and flavour of leptons µ
+

µ
−, e+e−, e±µ

∓
µ

+
µ
−, e+e− µ

+
µ
−, e+e−, e±µ

∓

mℓℓ 20–70 GeV 70–110 GeV >110 GeV

pmiss
T >40 GeV

Table 1. Event selection criteria in the analysis region (AR) and the DY and tt validation regions (VR).

probable process according to this NN multiclassification. The events are separated into
one of two SRs targeting ggF HH production (SRggF) or VBF HH production (SRVBF), or
into one of four background CRs targeting the main background processes: tt , single-t/t ,
DY, and H production.

Events in SRggF and SRVBF are further sorted into one of three categories, according
to their jet content: events containing a boosted H → bb candidate jet are sorted into the
“boosted” categories SRboosted

ggF and SRboosted
VBF ; events containing exactly one b-tagged jet are

sorted into the “1b” categories SR1b
ggF and SR1b

VBF; and the remaining events containing two
or more b-tagged jets are sorted into the “≥2b” categories SR≥2b

ggF and SR≥2b
VBF. Events in

the CRs are sorted into a dedicated boosted category if a boosted H → bb candidate jet
is present. There is one single such category for all CR events owing to the low number of
events. The remaining CR events are sorted into the 1b (≥2b) categories if they contain
exactly 1 (≥2) b-tagged jets. This results in 15 categories in total: three categories (boosted,
1b, ≥2b) in each of the two SRs (SRggF, SRVBF), two categories (1b, ≥2b) in each of the
four CRs, and a boosted CR.

The events in the three SRggF categories are further classified by a dedicated binary
NN (NNggF), which is optimised to separate ggF production HH events from the inclusive
background. The output values of the NNggF are used as discriminating observables in the
SRggF categories in the final fit. Likewise, the events in the three SRVBF categories are
classified by another binary NN (NNVBF) optimised to separate VBF production HH events
from the background, and the output values of the NNVBF are used as final discriminating
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Hidden layers 3

Nodes per hidden layer 512

Activation function ReLU

Output activation function Softmax

Loss function Categorical cross-entropy

Preprocessing Batch normalisation

Dropout rate 20%

Training epochs 100

Batch size 4032/10648/15972

Steps per epoch 52/23/15

Initial learning rate 5 × 10−4

Learning rate decay 0.8

Learning rate decay patience 3 epochs

Table 2. Hyperparameters of the neural networks. Where they differ for the multiclassification NNcat
and the binary NNggF and NNVBF, they are listed as “NNcat/NNggF/NNVBF”, otherwise they are the
same for all networks.

observables. The binning in the SRggF (SRVBF) categories is chosen such that the NNggF
(NNVBF) output distributions are uniform for ggF (VBF) signal events, and such that the
uncertainty due to the limited number of simulated events is sufficiently small. In the
background CRs, the yield in each category enters the final fit. The resulting discriminant
distribution is shown in figure 5 in section 6.

The analysis strategy has been optimised using simulated events to achieve the best
sensitivity. For example, the inclusion of the dedicated boosted categories improves the
expected limit on the SM HH production cross section by 4% and reduces the confidence
interval on κ2V by 26%.

4.3 Neural network architecture and training

The hyperparameters [86] of the multiclassification NNcat and the binary NNggF and NNVBF
are listed in table 2. They have been optimised based on the achieved expected limit to
SM HH production, evaluated on simulated events.

The NNs are trained using simulated signal and background events from all four analysed
data-taking periods together, thereby reducing statistical fluctuations in the trained NN
parameter values. The events are weighted to reflect the different integrated luminosities. The
sensitivity of the analysis does not degrade compared to the case of training NNs separately
for each data-taking period or when using information about the period of data taking as
an input feature to the NNs.

Simulated signal events with different values of κλ and κ2V are used for the training. For
ggF production, four different samples are used with values of κλ of 0, 1, 2.45, and 5, and for
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VBF production, six different samples are used with values of κλ and κ2V between −3.39 and
1 and between 0.959 and 3.57, respectively. The values have been chosen to represent regions
in parameter space with distinct kinematic properties. For example, at κλ = 0, there is no
contribution from diagrams involving the trilinear Higgs boson self-coupling (figure 1 top left)
and HH production proceeds via the diagram involving only couplings between the top quark
and the Higgs boson (figure 1 top right), while at κλ = 2.45, the destructive interference
between the two types of diagrams is maximal, such that the HH production cross section is
minimal. For the training of the binary NNs, only HH signal events of the target production
process are considered. For example, for the training of the NNggF, only the ggF production
HH events are used as signal, while the VBF production HH events do not enter the training.

Events from the different simulated samples are effectively weighted during training to
prevent the NN classification from being biased by the relative frequencies of the underlying
processes. For signal events, the weighting is chosen such that the different simulated κλ and
κ2V points have the same effective number of events, obtained as the sum of all weights, in
each batch used for training. For background events in the NNcat training, the weighting is
chosen such that each background process has the same effective number of events as the
total effective number of signal events. In the binary NN trainings, the background events
are weighted relative to each other by the cross section of the processes. However, a larger
relative weight is assigned to the events of some of the minor background processes in order
to avoid large statistical fluctuations from few events in the analysis bins with largest signal
purity. Finally, the total effective number of background events is normalised to the total
effective number of signal events. This scheme has been chosen in order to find a compromise
between sensitivity to the SM HH signal, to κλ, and to κ2V , evaluated by the expected limits,
as well as to minimise the size of MC statistical uncertainties.

A five-fold cross-validation technique is used for the training and evaluation of the NNs.
In each fold, the 80% of events used for training are further split into three independent
subsamples used for the actual training (75%), for the optimisation of the hyperparameters
(10%), and for validating the performance of the NNs (15%). The training is terminated
after 100 epochs.

The input variables of the NNs are listed in table 3. The same variables are used in the
multiclassification and in the binary NNs, with the exception of the VBF tag information,
which only enters the NNVBF. No dedicated input variables based on the properties of the
boosted H → bb candidate jets are considered. The input variables have been chosen out of
a larger set of possible observables as the ones that are most important for the performance
of the NNs, based on several ranking procedures including a “data Shapley” metric [87] and
the expected limit on the SM HH production cross section. The exact importance ranking of
each variable varies for the different NNs. As an example, four input variables with generally
high importance based on the data Shapley metric are shown in figure 3: the invariant mass
and the pT of the H candidate decaying to bb , reconstructed as the invariant mass and pT,
respectively, of the two jets with the highest b tagging score; the invariant mass of the HH
system, reconstructed as the invariant mass of the two jets with the highest b tagging score,
the two leptons, and pmiss

T ; and the pT of the jet with the highest b tagging score.
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Invariant mass of bb system†; proxy for the mass of the H → bb candidate

Invariant mass of ℓℓ system (mℓℓ)

Invariant mass of the leptons and pmiss
T ; proxy for the mass of the H → WW

candidate

Invariant mass of the b jets†, leptons, and pmiss
T ; proxy for the mass of the HH

system

Number of jets

Scalar sum of jet pT (HT)

pT of jet with highest b tagging score

pT of jet with second-highest b tagging score

pT of leading jet that is not considered as part of the bb system†

pT of the bb system†

Sum of b tagging scores of all jets

pT of leading lepton

pT of subleading lepton

pT of the ℓℓ system

η of leading jet that is not considered as part of the bb system†

Maximum ∆R between jets

∆R between jets of bb system†

∆R between leptons

∆R between bb system† and ℓℓ system

Minimum ∆R between lepton and b-tagged jet

pmiss
T

Binary tag of lepton flavour combinations: same flavour or mixed flavour

Binary VBF tag based on the presence of a VBF jet pair ‡

† two jets with highest b tagging scores; in events with only one jet, the observable
is assigned a non-physical default value of −10

‡ only used in NNVBF

Table 3. Observables used as input variables to the NNs.
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Figure 3. Invariant mass (upper left) and pT (upper right) of the H candidate decaying to bb ,
reconstructed as the invariant mass and pT, respectively, of the two jets with the highest b tagging
score; invariant mass of the HH system (lower left), reconstructed as the invariant mass of the
two jets with the highest b tagging score, the two leptons, and pmiss

T ; and pT of the jet with the
highest b tagging score (lower right), for events in the analysis region observed in data (markers) and
predicted by the background model (stacked histograms) prior to the fit to data. The HH signal
distributions in the ggF and VBF production channels as predicted in the SM, scaled to the total
background yield for better visibility, are overlaid (solid lines). The uncertainty band represents the
total systematic uncertainty.
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4.4 Background modelling

All background processes are modelled using the simulated event samples described in
section 3, with the corrections and calibrations discussed in the previous sections. The
overall normalisation of the tt and the DY background processes are free parameters in the
final fit to data. Two separate tt normalisation parameters are assigned, one for the 1b
and ≥2b categories, and one for the boosted categories, in order to account for potential
modelling differences in the two very different pT regimes. For the DY background, two
separate normalisation parameters are assigned, one to the DY + HF and one to the DY + LF
process, to account for flavour-dependent effects in the hadronic part of the events.

The background modelling of the dominant tt and DY background processes is verified
in the tt validation region with mℓℓ > 110 GeV and in the DY validation region with
70 < mℓℓ < 110 GeV for e+e− and µ

+
µ
− events, respectively. While the relevant observables

are sufficiently well modelled for tt events, a mismodelling is observed for DY events, in
particular in the distribution of the jet multiplicity, Njets, as well as in the pT spectrum of
the dilepton system, p

ℓℓ
T . Therefore, a dedicated correction of the DY events is derived as a

function of p
ℓℓ
T and Njets, using the data in the DY validation region.

The DY correction is determined from µ
+

µ
− events in the DY validation region, which

has a purity of 94%, using the following procedure. The p
µµ

T distribution observed in data,
after subtraction of the expected non-DY contribution predicted by simulation, is divided by
the p

µµ

T distribution predicted by the DY simulation, and the resulting ratio is parameterised
using an empirical function f corr

DY (pℓℓ
T ). Then, f corr

DY is applied as an event weight to the
simulated DY events in the analysis region as a function of the particle-level p

ℓℓ
T , correcting

the simulated p
ℓℓ
T spectrum to match the data. Applying the correction as a function of

the particle-level p
ℓℓ
T avoids dilution due to the electron momentum resolution, while for the

muons the effect of the pT resolution is negligible. The correction f corr
DY is derived separately

for events with Njets = 1 and Njets ≥ 2, and for the latter, an additional normalisation factor
is applied per Njets bin to account for residual mismodelling of the jet multiplicity. The
correction derived in the DY validation region is applicable also in the analysis region, since
the relative fraction of DY + HF and DY + LF events is the same in both regions. The
effect of the corrections is demonstrated in figure 4, which shows the p

ee
T distribution in

e+e− events in the DY validation region before and after application of the corrections. The
robustness of the correction procedure has been carefully verified, for example by testing
different correction functions and by deriving dedicated corrections per data-taking period,
leading to results consistent with those of the nominal method.

5 Systematic uncertainties

The sensitivity of the analysis is primarily limited by statistical uncertainties. However,
several sources of systematic uncertainties also affect the result and have been considered as
described in the following. The systematic uncertainties alter either the rate or both the rate
and the shape of the discriminant distributions for the signal or background processes. Their
impact on the measured signal and background yields is discussed in section 6.
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Figure 4. The pT of the dilepton system in the e+e− channel in the DY validation region before
(left) and after (right) application of the DY corrections. The uncertainty band shows the total
systematic uncertainty.

Theoretical uncertainties are treated as fully correlated among the different data-taking
periods, while experimental uncertainties are in most cases treated as uncorrelated between the
periods. The latter assumption is motivated by the fact that the experimental uncertainties
are mainly of statistical origin related to the limited size of the data and simulation samples
used in auxiliary measurements, which are independent across the data-taking periods, and
that the detector conditions changed between the data-taking periods.

Uncertainties in the inclusive cross sections used to predict the rate of the signal and
background processes arise primarily from variations of the renormalisation and factorisation
scales and the PDFs, as well as the treatment of the top quark mass in case of the signal in
the ggF production channel, and are propagated to the yield estimates. The cross section
uncertainties are each separated into a component (σ(µR/µF)) due to the renormalisation
(µR) and factorisation (µF) scales, or scales and top quark mass (σ(µR/µF + mt)) for signal,
and a component due to the PDF (σ(PDF + αS)). The uncertainties are correlated where
appropriate among processes; for example, for processes with the same dominant initial
state, such as ttZ and tttt , the PDF uncertainties are treated as correlated. Since the
normalisation of the tt and DY background processes are measured in situ, they are not
affected by the uncertainties of the inclusive cross section predictions. For the signal, the
uncertainties in the inclusive cross section prediction generally affect the result since the
measured rate is normalised to the SM expectation.

Uncertainties in the simulation of the signal and background events are evaluated as
follows. Uncertainties arising from missing higher-order terms at the ME level are evaluated
from variations of the µR and µF scales by factors of 2 and 0.5 with respect to the nominal
values. All possible permutations of independent scale variations are performed, excluding
the two extreme variations where one scale is varied by a factor of 2 and the other by a factor
of 0.5, and the envelope of the six obtained variations in the fitted distributions is assigned as
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the uncertainty (µR/F scale) [88]. The uncertainty originating from the PDF set is determined
from the PDF variations provided with the NNPDF3.1 set [57], following the procedure
described in ref. [89], correlating processes for which the same flavour scheme and order in
αS are used in the PDF set. The uncertainty in the pythia PS is determined by varying the
parameters controlling the amount of initial- and final-state radiation independently by factors
of 2 and 0.5 with respect to their nominal value [58]. The initial-state radiation uncertainties
are treated as correlated among the processes, while the final-state radiation uncertainties
are treated as uncorrelated between the processes. Uncertainties in the corrections applied to
the pT spectrum of the top quarks in the tt simulation [63] are also considered; they amount
up to 7% of the expected yield depending on the pT of the top quarks.

The theory modelling uncertainties described in the previous paragraph arising in the
simulation of the events can affect the overall normalisation, the detector acceptance, and
the shapes of the fitted distributions. For the tt and DY background processes, whose
normalisations are determined in the fit, the impact of these variations on the inclusive
normalisation (i.e., before any event selection) is removed, leaving only acceptance and shape
effects. Likewise, for the other processes, the variation in the normalisation is removed in
order to avoid double counting with the uncertainty in the inclusive cross section prediction
used to predict the rates of the processes.

Effects of the uncertainty in the distribution of the number of pileup interactions are
evaluated by varying the total inelastic cross section used to predict the number of pileup
interactions in the simulated events by ±4.6% from its nominal value [41]. The uncertainties
in the integrated luminosity used to normalise the predicted signal and background yields
are 1.4% for 2022 [90] and 1.3% for 2023 [91].

The trigger efficiency is measured in an unbiased sample of events, mostly tt leptonic
decays, that contain two leptons and fulfil the offline event selection criteria but were collected
with triggers based on pmiss

T , which feature a negligible correlation with the triggers used in
this analysis. Corrections are derived to match the efficiency in simulation to that observed
in data, with uncertainties of up to 5%, dominated by statistical fluctuations in the data
samples used in the measurement.

Residual differences between the lepton reconstruction, identification, and isolation
efficiencies in data and simulation are corrected based on efficiency measurements using a
“tag-and-probe” method in data samples of Z → ℓℓ events [34, 35]. The uncertainties are
smaller than 1 and 2% for the muon and electron correction factors, respectively.

The uncertainties in the jet energy scale and resolution are propagated by varying the
corrections applied to all jets in the signal and background simulations within their uncer-
tainty [38]. The uncertainties in the corrections of the b jet (mis)identification probabilities
in simulated events [49, 50], which can arise from the contamination of background processes
in the data samples used for their derivation, are considered separately for light-flavour
quark and gluon jets, b jets, and c jets, and vary between 5 and 30%, depending on the jet
pT. Uncertainties in the correction of the boosted H → bb candidate jet tagging efficiency
amount to approximately 5%, and are considered separately for the boosted ggF and VBF
SRs and the boosted CR.
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The uncertainty in the DY spectrum correction is evaluated as half of the difference
between the nominal and the corrected distributions, and applied symmetrically to the
corrected distributions. It has been verified that the size of the uncertainty does not bias
the result of the analysis.

The impact of statistical fluctuations in the signal and background prediction due to the
limited number of simulated events (MC stat unc.) is accounted for using the Barlow–Beeston
“lite” approach [92].

6 Results

A simultaneous binned profile likelihood fit of the signal and background templates to the
observed discriminant distributions in all categories is performed, using the CMS statistical
analysis tool Combine [93]. Each template includes the events of all data-taking periods.
The rates of the tt and DY background processes described in section 4.4 are free parameters
in the fit, and the systematic uncertainties described in section 5 are taken into account via
nuisance parameters in the likelihood function. Log-normal distributions are used to model
the effects of nuisance parameters on the overall rate. Shape uncertainties are implemented
through an interpolation between alternative templates [92, 93], obtained by propagating the
effect of the uncertainties to the input variables of the NNs and then evaluating the NNs
using the varied inputs. Uncertainties that are decorrelated between different data-taking
periods are implemented by varying only the fractional contributions corresponding to the
data-taking periods in each template. The observed yields in each bin of the final discriminant
distributions in all channels and categories are shown in figure 5.

The goodness-of-fit is quantified using a p-value that takes into account the postfit
uncertainty model [93] and amounts to p = 0.19, indicating good description of the data by
the fit model. The best fit value of the tt background normalisation parameter is 0.95+0.03

−0.02
(0.82+0.08

−0.07 in the boosted categories), consistent with a dedicated tt cross section measurement
in a similar phase space region [94].

No significant excess of events over the background-only hypothesis is observed. Upper
limits on the cross section of non-resonant Higgs boson pair production are set at 95%
CL under the background-only hypothesis, using the CLs criterion [95, 96] and assuming
asymptotic distributions [97] of the profile likelihood ratio test statistics defined in ref. [93].
The observed upper limit on the inclusive HH production cross section normalised to the
value expected in the SM (HH signal strength modifier) is 12.0, with a median expected limit
of 18.5. The observed limit is lower than the expected limit, which can be attributed to a
downward fluctuation in the observed event counts relative to the background prediction in
several bins, most notably in the most sensitive SRggF bin (bin 16 in figure 5).

The limit on the HH production cross section is also shown as a function of κλ and as a
function of κ2V in figure 6, where in each case all other couplings are assumed to conform to
the SM prediction. The strong dependence of the limit on κ2V is a result of the increased
selection efficiency and acceptance to VBF signal events in the boosted regime for values of
κ2V different from 1. At κ2V = 1, the signal sensitivity is equally driven by the ≥2b and the
boosted categories, while for κ2V different from 1, the sensitivity remains the same in the
≥2b categories but strongly improves in the boosted categories. For the results in figure 6,
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Figure 5. Observed (points) and expected (filled histograms) yields in each discriminant (NN score
or category yield) bin before (upper) and after (lower) the fit to data. The HH signal distributions in
the ggF and VBF production channels are overlaid (solid lines), scaled to the total background yield
(top) or the observed upper limit for ggF and the observed upper limit times 10 for VBF (bottom).
The uncertainty bands include the total uncertainty of the fit model. The lower panels show the ratio
of the data to the expected background yields.
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the uncertainty in the inclusive HH cross section prediction is not included in the fits but
is represented as an uncertainty band on the theory prediction shown.

In figure 7, the observed and expected profile likelihood ratio values are presented as
functions of κλ and κ2V , where again all other couplings are assumed as in the SM. The
best fit value of κλ is 3.4, consistent with the downward fluctuation of data in the SRggF and
the minimal HH production cross section near κλ = 2.5. Values of κλ outside [−9.1, 15.7]
([−13.3, 19.8] expected) and of κ2V outside [−0.20, 2.25] ([−0.48, 2.54] expected) are excluded
at the 95% CL. The likelihood contours from a simultaneous fit of κλ and κ2V are shown
in figure 8. The results with statistical uncertainty only are obtained by first performing
the nominal fit including systematic uncertainties, and then evaluating the likelihood with
the values of the nuisance parameters used to describe the systematic uncertainties fixed
to their best fit values. The background normalisation parameters are not fixed and thus
contribute to the statistical uncertainties.

By far the largest source of uncertainty in the analysis arises from the limited statistical
precision due to the small signal rate. The impact of the statistical uncertainties compared
to the systematic effects is shown in figure 7.

The best fit values of the nuisance parameters used to describe the systematic uncertainties
are shown in figure 9; they are well within one standard deviation of the prior uncertainty.
The impact of each normalisation and nuisance parameter on the result is evaluated as the
difference of the nominal best fit value of the HH signal strength modifier and the best fit
value obtained when fixing the parameter under scrutiny to its best fit value plus/minus its
postfit uncertainty. The best fit values and impacts of the 25 parameters with the highest
impact are shown in figure 9; the nuisance parameters with the largest impact are related to
the uncertainty in the inclusive HH cross section prediction (which enters the measured signal
strength modifier in the denominator) and the limited size of the simulated event samples.

The results are combined with the results of the previous search with 138 fb−1 of Run
2 data collected at

√
s = 13 TeV in final states with one or two leptons [25]. Systematic

uncertainties of theoretical sources, such as cross section calculations, are treated as correlated
in the combination, while experimental uncertainties, which are dominated by the uncertainties
in auxiliary measurements in statistically independent data sets, are treated as uncorrelated.
An observed upper limit on the HH signal strength modifier of 7.9 at 95% CL is obtained,
with an expectation of 12.7.

7 Summary

A search has been presented for Higgs boson pair production in the bbWW decay channel
with two leptons in the final state, conducted with 62 fb−1 of proton-proton collision data
collected at

√
s = 13.6 TeV.

The data are consistent with standard model predictions. An upper limit is set on the
Higgs boson pair production cross section of 12.0 times the standard model prediction at the
95% confidence level, with an expectation of 18.5. Compared to a previous search by the
CMS Collaboration with 138 fb−1 of Run 2 data collected at

√
s = 13 TeV in final states with

one or two leptons, the sensitivity is significantly improved through a refined classification
strategy, additional triggers, and an enhanced b tagging algorithm. This yields a comparable
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Figure 6. Observed (solid black line) and median expected (dashed black line) upper limits at the
95% CL on the inclusive HH production cross section as a function of κλ (upper) and κ2V (lower); in
both cases, all respective other couplings are fixed to the SM prediction. The yellow (blue) bands
show the 68% (95%) confidence level intervals of the expected limit. The predicted cross section is
overlaid (red curve), and the SM prediction is indicated (red star).
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Figure 7. Observed (blue) and expected (orange) negative log-likelihood values as a function of κλ

(left) and κ2V (right), assuming all other couplings conform to the SM prediction. The solid lines
include the full uncertainty model, and the dashed lines only include statistical uncertainties, which
include the uncertainty components due to the tt and DY background normalisations. The vertical
lines indicate the best fit value.
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Figure 9. Best fit values of the background normalisation and nuisance parameters (black markers).
The nuisance parameter values are shown as the difference of their best fit values, θpost, and prefit
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shown in figure 5.
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overall expected sensitivity despite the smaller analysed data set and restriction to the
two-lepton channel, with a 30% sensitivity increase in the two-lepton final state alone. The
cross section limit is further used to constrain the trilinear self-coupling of the Higgs boson
and the quartic coupling between two Higgs bosons and two vector bosons to [−9.1, 15.7]
([−13.3, 19.8] expected) and [−0.20, 2.25] ([−0.48, 2.54] expected) times the standard model
expectation, respectively, at 95% confidence level.

The presented search is the first result on Higgs boson pair production in the bbWW
decay channel with

√
s = 13.6 TeV data. Combined with the results of the previous search

at
√

s = 13 TeV in final states with one or two leptons, an observed upper limit is set on
the Higgs boson pair production cross section of 7.9 times the standard model prediction
at the 95% confidence level, with an expectation of 12.7.
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