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Abstract

A search for non-resonant Higgs boson pair production is presented, targeting final
states where one Higgs boson decays to a pair of bottom quarks and the other Higgs
boson decays to two W bosons, both of which decay leptonically (to an electron or a
muon and a neutrino). For the first time, the search is conducted with proton-proton
collision data from the LHC at /s = 13.6 TeV. The data have been recorded by
the CMS detector in 2022 and 2023, and correspond to an integrated luminosity of
62 fb~!. The data are consistent with standard model predictions. An upper limit is
set on the Higgs boson pair production cross section of 12.7 times the standard model
prediction at 95% confidence level, with an expected limit of 18.6. The results are also
used to constrain the strength of the trilinear coupling of the Higgs boson as well as
of the quartic coupling between two Higgs bosons and two vector bosons.
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1 Introduction

The measured properties of the Higgs boson discovered [1-3] by the ATLAS and CMS Col-
laborations at the CERN LHC are consistent within the current experimental precision [4, 5]
with the expectations of the standard model (SM) Higgs mechanism. One aspect of the Higgs
mechanism that is experimentally largely unknown is the exact shape of the Higgs potential,
which, in the SM, is related to the trilinear coupling of the Higgs boson and can be directly
probed using Higgs boson pair (HH) production. In the SM, the dominant HH production
mode at the LHC is gluon-gluon fusion (ggF), followed by vector boson fusion (VBF) produc-
tion, with cross sections of 34.11%3 fb [6-8] and 1.87 4+ 0.051b [9, 10], respectively, at 13.6 TeV
for a Higgs boson mass of 125GeV. The VBF production mode is furthermore sensitive to the
quartic coupling between two Higgs bosons and two vector bosons.

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 [11-13]. The CMS Collaboration has also conducted
searches for HH production with LHC Run 3 data at 13.6 TeV in final states with two bottom
quarks and two photons (bb+) [14] and with Run 2 and Run 3 data combined in final states
with four bottom quarks [15], while the ATLAS Collaboration published a search in the bby+y
final state using Run 2 and Run 3 data [16].

This note 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, both of which
decay leptonically to an electron or a muon and a neutrino. Previous searches in the bbWW
channel with the Run 2 dataset 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) [17], 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 [18].

In the presented search, events are selected with exactly two opposite-sign leptons (u*p~,
ete”, eTuT). 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 pro-
duction, or background events from different processes, and further based on the b-tagged jets
multiplicity as well as the presence of a boosted H — bb candidate jet. The events in the
signal-enriched regions are further 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 as well as the quartic couplings. Throughout
this note, the values of the Higgs boson couplings are expressed in terms of coupling modifiers
k, denoting the coupling strength relative to the SM prediction [19]. For example, the modifier
of the trilinear coupling is «, and of the quartic coupling x,y;.

Several refinements have been implemented relative to the previous analysis [17]. A new clas-
sification strategy, utilizing a staged multiclassification-plus-binary NN approach, resulted in
an approximately 50% improvement in the exclusion limits. Furthermore, the adoption of a
more efficient b tagging algorithm and an improved trigger strategy increased the signal yield
by 7% and 5%, respectively, up to a 17% increase in the most signal-like bins of the final dis-
criminant. Finally, the analysis benefits from the higher center-of-mass energy of Run 3, which
provides a 5% increase in number of signal to square root of number of background events.



This document is structured as follows. The object and event reconstruction is described in Sec-
tion 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 obtained results are presented in
Section 6. Finally, a summary is provided in Section 7.

2 Event reconstruction

Individual particles in an event are reconstructed using a global “particle-flow” (PF) algo-
rithm [20] that combines information provided by different detector systems of the CMS ap-
paratus [21, 22].

The reconstruction of muons relies on a combination of measurements in the tracker and in
the muon detectors [23]. 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 (pr)
resolution in the barrel is better than 1% (7%) for muons with pt up to 100 GeV (1 TeV) [23].
Muons are required to lie within the acceptance of the muon system, covering pseudorapidity
() values of |57| < 2.4, and to have py > 25 and 15GeV for the pr-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 electromagnetic calorimeter (ECAL)
and with the energy sum of all bremsstrahlung photons, obtained from the ECAL, spatially
compatible with originating from the electron track [24, 25]. The electrons are identified us-
ing criteria on the cluster shape in the ECAL, the track quality, and the compatibility between
the tracker and ECAL measurements, corresponding to an identification efficiency of approxi-
mately 80%, including the isolation requirements described below. The momentum resolution
for electrons with pr ~ 45GeV ranges from 1.6 to 5% [24, 25]. Electrons are required to have
|7| < 2.4 as well as py > 25 and 15GeV for the py-leading and subleading electrons, respec-
tively. Electrons reconstructed in the transition region 1.44 < || < 1.56 between the barrel and
the endcap calorimeters are discarded.

Isolation requirements are imposed on the muons and electrons with the aim to suppress lep-
tons originating from decays of heavy hadrons inside jets. The isolation is based on the scalar
pr sum of all PF objects in a cone of radius 0.3 in the #-¢ plane around the track direction of
the lepton, where ¢ denotes the azimuthal angle, and it is corrected by removing contributions
arising from additional pp interactions in the same bunch crossing (pileup) [26].

Hadronic jets are clustered from the PF objects using the anti-ky algorithm [27, 28] with a dis-
tance parameter of 0.4 (jets) and of 0.8 (large-radius jets). The pileup per particle identification
algorithm (PUPPI) [26, 29] 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 [30]. The jet energy resolution amounts typically to 15-20% at 30 GeV, 10%
at 100 GeV, and 5% at 1 TeV [30]. Jets (large-radius jets) overlapping within a cone of radius 0.4
(0.8) in the 1-¢ plane with a muon or an electron passing the criteria described above are dis-
carded. For the analysis, jets and large-radius jets with || < 2.4 as well as with py > 25GeV
and pr > 200 GeV, respectively, are selected.

In addition, jets with || > 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 || values. Forward
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jets with pr > 50GeV (pr > 30GeV) and 2.4 < |57] < 3 (5| > 3) are selected. Out of all jets and
forward jets that are not used for the H — bb reconstruction all possible pairs are selected, and
the pair with the largest Ay is referred to as VBF jet pair. An event is considered as VBF tagged
if the VBF jet pair has Ay > 3 and an invariant dijet mass larger than 500 GeV.

Jets arising from the hadronisation of b quarks (b jets) are identified using the PARTICLENET
tagging algorithm [31, 32]. Jets are considered as b-tagged if they fulfil a requirement on the
PARTICLENET discriminant that corresponds to a b tagging efficiency of approximately 80%
and a 1% misidentification rate for light-flavour quark and gluon-induced jets. The PARTI-
CLENET algorithm is further used to identify Higgs bosons with large py decaying to bb [31,
33]. Large-radius jets are considered as boosted H — bb candidates if they fulfil a require-
ment 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 misidenti-
fication rate of 2%. The b jet (mis)identification probabilities in simulated events are corrected
to match the efficiencies measured in data [34, 35], and uncertainties are assigned to account
for residual mismodelling of the H — bb tagging efficiency.

3 Data and simulated event samples

Data from pp collisions at /s = 13.6TeV collected in 2022 and 2023, corresponding to an
integrated luminosity of 62fb~!, are analysed. The data are reconstructed separately in four
different data-taking periods with different detector conditions—8 fb™* and 27 fb ™! of the data
collected in 2022 as well as 18 fb~! and 10fb ™" of the data collected in 2023—and appropriate
per-period calibrations are applied, before the data are combined for the analysis. The sim-
ulated events described in the following are generated accordingly in four different samples,
reflecting the different data-taking conditions.

Signal and background events are modelled using the Monte Carlo (MC) event generators
POWHEG V. 2 [36-39] or MADGRAPH5_aMC@NLO v. 2.9.13 [40], interfaced with a detailed de-
tector simulation based on GEANT4 [41]. The proton structure is described by the parton dis-
tribution function (PDF) set NNPDEF3.1 [42]. Parton showering (PS) and hadronisation are sim-
ulated with PYTHIA v. 8.306 [43], where the parameters for the underlying event description
correspond to the CP5 tune [44]. 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 perturbation theory with POWHEG [45]. Samples with four different
values of x, are generated, allowing modelling kinematic distributions for a large range of «,
values using a weighted sum of the samples [46]. Signal events in the VBF production channel
are generated with MADGRAPH5_aMC@NLO at leading order (LO) precision. Ten samples with
varying values of k, and x,y are produced, which allows modelling the kinematic distributions
for different values of x, and «,y, 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 next-to-NLO (NNLO) precision in QCD [6-8]. All relevant HH decay modes are
considered, with relevant contributions arising from bbWW, bbtt, 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/v* + 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 [47]. The
top quark pr spectrum in the POWHEG simulation has been found to be harder than the one
observed in data, attributed to missing higher-order calculations [48, 49], and therefore, the
simulated events are reweighted to match the prediction at NNLO precision in QCD and NLO
precision in electroweak corrections [50]. The corrections have been computed for 13 TeV [50],
and an additional small correction is applied that extrapolates the corrections to 13.6 TeV, fol-
lowing Ref. [51]. 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 [52-58].

The single-t/t background encompasses single top quark production in the ¢- and s channels
as well as tW production. The processes are simulated at NLO precision in QCD, in the ¢
and tW channels with POWHEG [59, 60], and in the s channel with MADGRAPH5_aMC@NLO.
The inclusive cross sections of the t and s channel processes are normalised to the predictions at
NLO precision [61, 62] and the tW channel to calculations at approximate NNLO precision [63].

The DY background process is simulated with up to two partons at the matrix element (ME)
level at NLO precision in QCD with MADGRAPH5_aMC@NLO, where the merging of the jets
from ME calculation and the PS is done using the FXFX [64] prescription. Dedicated correc-
tions, 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 p; > 20GeV and of || < 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 processes are simulated at NLO precision in the ggF, VBF, VH, ggZH,
and ttH production channels using POWHEG and in the ttVH production channel using MAD-
GRAPH5.aMC@NLO, as well as at LO precision in the tHq and tHW channels using MAD-
GRAPH5_.aMC@NLO. Their cross sections are normalised to the latest available calculations,
taken from Ref. [7].

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 a W bosons, and from the production of four top quarks (tttt). They are simulated using
POWHEG (VV, VVV) and MADGRAPH5_.aMC@NLO (W + jets, ttV).

4 Event selection and analysis strategy

Events are selected with exactly two opposite-sign leptons (u " ~, eTe~, eTu¥). 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 multiclassification 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 output distributions 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 de-
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scribed in Section 3. Dedicated corrections are derived for the DY events to improve the mod-
elling of the data, and the normalisation of the dominant tt and DY background processes are
determined in the final fit to data.

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 Fig. 1.

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 u*p~ events, one or two electron candidates for
the ete~ events, as well as one muon or one electron candidate or one muon and one electron
candidate for the e* ¥ events. The minimal thresholds on the trigger objects are pr > 8 GeV
for the muons and pt > 12 GeV for the electrons. In addition, to maximize the signal selection
efficiency for eTe™ and e*uT events, the analysis uses triggers requiring the presence of one
electron and one jet with pp > 165GeV. The selection efficiency with respect to the offline
reconstruction achieved for signal events after the event selection described below is 98% in
the * 1~ channel, 95% in the e e~ channel, and 96% in the e*u ¥ channel. The single-lepton
triggers and the electron+jet triggers contribute up to 10% to the signal selection efficiency,
depending on the channel.

A further offline selection, referred to as 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 p > 5GeV
or pr > 7GeV, respectively. Events must get accepted by a trigger based on online leptons
with a flavour content consistent with that of the two leptons selected offline; for example,
1~ events are required to pass a dimuon or single-muon trigger. The invariant mass of the
selected lepton pair, m,,, is required to be larger than 20 GeV to suppress events from heavy-
flavour resonance decays and low-mass DY processes. The baseline event selection criteria are
summarised in Table 1.

Table 1: Baseline event selection criteria.

Number of leptons 2
Sign and flavour of leptons  uTu~,ete™, etuT
pr of leading lepton >25GeV
pr of sub-leading lepton >15GeV
|| of electrons <25
|7] of muons <24
Mgy >20GeV
Number of jets >1
Number of b-tagged jets >1

pr of jets >25GeV
|| of jets <24

The selected events are then categorised based on the lepton flavour into three mutually ex-
clusive channels, u "1 ~, eTe~, and e*uT. The events are further separated into an analysis
region with 20 < m;, < 70GeV and p2is > 40GeV as well as into validation regions with
70 < my, < 110GeV, enriched in DY events, and with m,, > 110GeV, enriched in tt events.
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Figure 1: 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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The analysis region events are used in the final analysis to extract the signal, and the validation
region events are used to verify the DY and tt background modelling and derive corrections
for the DY background.

4.2 Analysis strategy

The events in the analysis region are categorised in several steps, as illustrated in Fig. 1. First,
the events are categorised by a multiclassification NN (NN_,,) designed to separate between
different signal and background processes. The values obtained in the output nodes of the
NN, are normalised to unity using a “soft-max” function, and, as a result, the output val-
ues can be interpreted as probabilities describing the likelihood of the event being of a certain
process. Events are assigned to a category corresponding to the most probable process accord-
ing to this NN multiclassification. The events are separated into one of two SRs targeting ggF
HH production (SR,,r) or VBF HH production (SRygg), or into one of four background CRs
targeting the main background processes: tt, single-t/t, DY, and H production.

The events in the SR, and SRypp are further sorted into one of three categories: if a boosted

H — bb candidate jet is present, into the “boosted” categories SR;%%Sted and SRYgsted,

vee , else,

if there is exactly one b-tagged jet present in the events, into the “1b” categories SR;ZF and

SR%F ; and else, into the “>2b” categories SRngZE and SR\Z,ég. The events in the CRs are sorted

as follows. If a boosted H — bb candidate jet is present, the events enter a dedicated boosted
category; there is one single such category for all CR events owing to the low number of events.
Otherwise, the events in each CR are sorted into 1b and >2b categories if there is exactly 1 or
>2 b-tagged jets present, respectively. This results in 15 categories in total: three categories
(boosted, 1b, >2b) in each of the two SRs (SRggF, SRygr), and two categories (1b, >2b) in each
of the four CRs plus a boosted CR.

The events in the three SR categories are further classified by a dedicated binary NN (NN,,),
which is optimised to separate ggF production HH events from the inclusive background. The
output values x of the NN, are transformed with a “logit” function logit(x) = In (%), and
the transformed values are used as discriminating observable in the SR, categories in the
final fit. The logit transformation helps to resolve the distribution of NN, output values for
signal events, which strongly peaks close to 1. Likewise, the events in the three SRygp cate-
gories are classified by another binary NN (NNygg) optimised to separate VBF production HH
events from the background, and the output values of the NNyjpg, after a logit transforma-
tion, are used as final discriminating observables. The binning in the SR, (SRyg) categories
has been chosen such that the NNg.r (NNygg) 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 Fig. 4.

The analysis strategy has been optimised using simulated data 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 x,y by 26%.

4.3 Neural network architecture and training

The hyperparameters [65, 66] of the multiclassification NN, and the binary NN, and NNy
are listed in Table 2. They have been optimised based on the achieved expected limit to SM HH
production, evaluated on simulated events.



Table 2: Hyperparameters of the neural networks. Where they differ for the multiclassification
NN, and the binary NN, and NNygg, they are listed as “NN,¢/NNg.r/NNygg”, otherwise
they are the same for all networks.

Hidden layers 3

Nodes per hidden layer 512
Activation function ReLu

Output activation function Softmax

Loss function categorical crossentropy
Pre-processing BatchNormalization
Dropout rate 20%

Training epochs 100

Batch size 4032/10648 /15972
Steps per epoch 52/23/15

Initial learning rate 5.1074
Learning rate decay 0.8

Learning rate decay patience 3 epochs

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 pa-
rameter values. The events are weighted to reflect the different integrated luminosities. It
has been validated that 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.

The events of the different simulated events samples are effectively weighted in the training,
essentially to avoid that the NN classification decision is impacted by the relative frequency of
the different processes in a suboptimal way. For signal events, the weighting is chosen such
that the different simulated x, and x,y points have the same effective number of events in
the training. For background events in the NN, training, the weighting is chosen such that
each background process has the same number of effective 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 «,, and to «,y, evaluated by the expected limits, as well as to minimize 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 subsam-
ples 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 mul-
ticlassification and in the binary NNs, with the exception of the VBF tag information, which
only enters the NNygg. 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 sev-
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eral ranking procedures including a “data Shapley” metric [67] and the expected limit on the
SM HH production cross section. As an example, the four input variables with the highest
importance based on the data Shapley metric are shown in Fig. 2: the approximate invariant
mass and the py of the H boson candidate decaying to bb, reconstructed as the invariant mass
and pr, respectively, of the two jets with the highest b tagging score; the approximate 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 pIi*; and the pr of the jet with the highest b tagging score.

Table 3: Observables used as input variables to the NNs.

invariant mass of bb system’ (m,,,); proxy for mass of H — bb candidate
invariant mass of £¢ system (m,,)

invariant mass of the leptons and p%; proxy for mass of H — WW candidate

invariant mass of the b jets’, leptons, and pisS; proxy for mass of HH system

number of jets

scalar sum of jet pp (Hy)

pr of jet with highest b tagging score

pr of jet with second-highest b tagging score

pr of leading jet that is not considered as part of the bb system®
pr of the bb system®

sum of b tagging scores of all jets

pr of leading lepton

pr of subleading lepton

pr of the £¢ system

11 of leading jet that is not considered as part of the bb system’

maximum AR between jets

AR between jets of bb system’

AR between leptons

AR between bb system® and ¢/ system

minimum AR between lepton and b-tagged jet

P

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

binary VBF tag based on the presence of a VBF jet pair ¥
T: 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 NNygp

4.4 Background modelling

All background processes are modelled using the simulated events samples described in Sec-
tion 3, with the corrections and calibrations discussed in the previous sections. The overall
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Figure 2: Approximate invariant mass (top left) and pr (top right) of the H boson candidate
decaying to bb, reconstructed as the invariant mass and pr, respectively, of the two jets with
the highest b tagging score; approximate invariant mass of the HH system (bottom left), recon-
structed as the invariant mass of the two jets with the highest b tagging score, the two leptons,
and pss; and pr of the jet with the highest b tagging score (bottom 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
overlayed (solid lines). The uncertainty band represents the total (statistical and systematic)
uncertainty. The last bin includes the overflow events.
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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 pr regimes. For the DY background, two separate normalisation parameters
are assigned, one to the DY 4 HF and one to 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
validation regions with m,, > 110GeV and 70 < my, < 110GeV, 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, Nie, as well as in the pr
spectrum of the dilepton system, pég. Therefore, a dedicated correction of the DY events is
derived as a function of pf}é and Nje, using the data in the DY validation region.

The DY correction is determined from the data in the "~ channel of the DY validation region,
which has a purity of 94%, using the following procedure. The p? distribution observed in
data, subtracted by the expected contribution of non-DY events predicted from simulation, is
divided by the pég distribution predicted by the DY simulation, and the ratio is parametrised
with an empiric function fB‘%}r(pg). Then, f{" is applied as event weight to the simulated DY
events in the analysis region as a function of the particle-level pg, correcting the pf}g spectrum
to match the data. Applying the correction as a function of the particle-level pég avoids dilution
due to the electron momentum resolution, while for the muons the effect of the py resolution is
negligible. The correction f5y" is derived separately for events with Njg,s = 1 and Njis > 2, and
for the latter, an additional normalisation factor is applied per N 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 4+ HF and DY + LF events
is the same in both regions. The effect of the corrections is demonstrated in Fig. 3, which shows
the pf}é distribution in the DY validation region before and after application of the corrections.

w 10 CMS Prefiminary 621 (136TeV) o 1o CMSPreliminary 62167 (13.6TeV)

2 prefit t Data w 2 prefit 4 Data w E

€ Before DY correction  mm tt - VvV 1 e After DY correction it VY N
L 70 <mg <110 DY+HF tiv 3 w 70<my <110 DY+HF tiv
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mm Single t/t other E mm Single t/ other E
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Data / Bkg.

;////%////’//%//W/W/W%W/%//j/%% . //%WWW/W/WJ/W////%////%

Figure 3: The py of the dilepton system in the DY validation region before (left) and after (right)
application of the DY corrections. The error band shows the total uncertainty.
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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.

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 back-
ground processes arise primarily from variations of the renormalisation and factorisation scales
and the PDFs, and are propagated to the yield estimates. The cross section uncertainties are
each separated into their scale (0(ug/pr)) and PDF (0(PDF + ag)) components, and are cor-
related where appropriate among processes. Since the normalisation of the tt and DY back-
ground processes are measured in-situ, they are not affected by the uncertainties of the inclu-
sive cross section predictions. For the signal, the uncertainties on the inclusive cross section
prediction generally affect the result since the measured rate is normalised to the SM expecta-
tion.

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 vari-
ations of the renormalisation and factorisation scales by factors of 2 and 0.5 with respect to
the nominal values. All possible permutations of independent scale variations (ug g) are per-
formed, excluding the g - yg = 1 cases, and the envelope of the six obtained variations in the
fitted distributions is assigned as uncertainty [68]. The uncertainty originating from the PDF
set (PDF shape) is determined from the PDF variations provided with the NNPDF3.1 set [42],
following the procedure described in Ref. [69], correlating processes for which the same flavour
scheme and order in the strong coupling constant ag 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
(PS scale ISR/FSR) [43]. The ISR uncertainties are treated as correlated among the processes,
while the FSR uncertainties are treated as uncorrelated between the processes. Uncertainties
in the corrections applied to the pr spectrum of the t quarks in the tt simulation [48] are also
considered; they amount up to 7% of the expected yield depending on the p of the top quarks.

The variations associated with the theory modelling uncertainties described in the previous
paragraph generally affect the overall normalisation, the simulated acceptance, and the shapes
of the fitted distributions. Since the normalisation of the signal as well as the tt, DY + HF,
and DY + LF background processes are determined in the fit, the impact of these variations on
the overall normalisation before any selection is removed. In case the result is quoted relative
to the SM prediction, the uncertainty on the inclusive signal cross section is considered for
the prediction, though. Likewise, for the minor background processes, only the uncertainty
in the inclusive cross section prediction is retained to avoid double counting of normalisation
uncertainties.

Effects of the uncertainty in the distribution of the number of pileup interactions are evaluated
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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 [26]. The uncertainties in the integrated
luminosity used to normalize the predicted signal and background yields are 1.4% for 2022 [70]
and 1.3% for 2023 [71].

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 pTss, 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 — /¢ events [23, 24]. The uncertainties (Lepton Reco/ID/Iso) 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 correc-
tions applied to all jets in the signal and background simulations within their uncertainty [30].
The uncertainties in the corrections of the b jet (mis)identification probabilities in simulated
events [34, 35], which can arise from the contamination of background processes in the data
samples used for their derivation, are considered separately for light jets and b /c jets, and vary
between 5 and 30%, depending on the jet pt. An uncertainty of 30% is assigned to account for
mismodelling in the boosted H — bb candidate jet tagging efficiency, separately to signal and
background contributions in the boosted ggF and VBF SRs and the boosted CR.

Uncertainties in the data-driven DY correction are evaluated as half of the difference between
the nominal and the corrected distributions, and applied symmetrically to the corrected distri-
butions.

The impact of statistical fluctuations in the signal and background prediction due to the lim-
ited number of simulated events (size of the MC samples) is accounted for using the Barlow—
Beeston-lite approach [72].

6 Results

A simultaneous binned profile likelihood fit of the signal and background templates to the ob-
served discriminant distributions in all channels and categories is performed, using the COM-
BINE program [73]. 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, while nuisance parameters
that affect the shape of the distributions are parametrised using an interpolation between alter-
native templates [72, 73]. The observed yields in each bin of the final discriminant distributions
in all channels and categories are shown in Fig. 4.

The goodness-of-fit is quantified using a p-value that takes into account the postfit uncertainty
model [73] and amounts to p = 0.20, indicating good description of the data by the fit model.
The best-fit value of the tt background normalisation parameter is 0.95f8:8§ (0.79f8:%§ in the
boosted categories).

No significant excess of events over the background-only hypothesis is observed. Upper limits



14

108 CMS Preliminary 62 fb-! (13.6 TeV)
n E~ "~ T T T L
2 b prefit ¢ Data mm tt mm Single i v — HHggrx40000 ]
E107E DY+HF = W mm H —— HHygrx1.2x108 3
w wei EE DY+LF = VV W other W\ Syst. unc. B
gluon-gluon fusion (HH ggF) vector boson fusion (HH VBF) | tf | t [DY| H | 3
105% 1b i 2b iBoost 1b i 2b iBoost = = = o
= 1 1 3
I 1 1 1 1 1 1
104k 1 1 1 %
i g
108
) | |
10 ;
) i i
10! 8 i !
100
gis : a ) B HHNE
m s ) % pY A ] I L1 A
~ 1.0W¢Ww)%f/ﬂ//%/// 2 ‘“’/’/;’/ //// i e
s A 7 0w T A
© 05k I ] I I ] ] ] [
a o T SRS H L1 T H H H s
0 5 10 15 20 25 30 35 40 45
Bin number
108 CMS Preliminary 62 fb-! (13.6 TeV)
n E"~ "~ T T T T T T T L
2 L[ postiit 4 Data mm t B Single t/t ttv — HHggrx-3300 1
£ 10 3 DY+HF mm W m H — HHygrx-95000
L 105:, B DY+LF mm W B other N Syst. unc. B
gluon-gluon fusion (HH ggF) vector boson fusion (HH VBF) | tt | t |[DY| H | 3
105% 1b i 2b iBoost 1b ! 2b :Boost QIelrrrs o
F 1 1 1 1 =
ik : ' | | e B
108
i i
102 | o I_
i 1
10!
100
_CQ 1.5F i i i i SRR RERRE
@ w’ 4 :w o A : A i i i i )
g T R R T
® 5 i i i i 1 1 1 N
Q 05 ‘ : ! I ST S | B A
0 5 10 15 20 25 30 35 40 45
Bin number

Figure 4: Observed (points) and expected (filled histograms) yields in each discriminant (NN
score or category yield) bin before (top) and after (bottom) the fit to data. The HH signal
distributions in the ggF and VBF production channels, scaled to the total background yield for
better visibility, are overlayed (solid lines). The uncertainty bands include the total uncertainty
of the fit model. The lower pads show the ratio of the data to the to the expected background
yields.



7. Summary 15

on the cross section of non-resonant Higgs boson pair production are set at 95% CL, using the
CL; criterion [74, 75] and assuming asymptotic distributions [76] of the profile likelihood ratio
test statistics defined in Ref. [73]. The observed (median expected) upper limit on the inclusive
HH production cross section is 12.7 (18.6) times the value expected in the SM. The limit is
also shown as a function of x, and as a function of x,y in Fig. 5, where in each case all other
couplings are assumed to conform to the SM prediction.

In Fig. 6, the observed and expected profile likelihood ratio values are presented as a function
of x, and x,y, where again all other couplings are assumed as in the SM. Values of x, outside
[—9.7,15.8] (]—13.4,19.9] expected) and of x,y outside [—0.27,2.32] ([—0.58,2.64] expected) are
excluded at 95% CL. The likelihood contours from a simultaneous fit of x, and x,y are shown
in Fig. 7.

The by-far largest uncertainty source of the analysis is the limited statistical precision due to the
small signal rate. The impact of the statistical uncertainties compared to the systematic effects
is shown in Fig. 6.

The best-fit values of the nuisance parameters used to describe the systematic uncertainties are
shown in Fig. 8; they are well within 1 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
tixing 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 Fig. 8.
They are related to the boosted H — bb candidate tagging uncertainty, the tt normalisation in
the boosted categories, and the uncertainty on the inclusive HH cross section prediction (which
enters the measured signal strength modifier in the denominator).

7 Summary

A search has been presented for non-resonant Higgs boson pair production in the bb WW decay
channel with two leptons in the final state, conducted with 62 fb™" of proton-proton collision
data.

The data are consistent with standard model predictions. An upper limit is set on the Higgs bo-
son pair production cross section of 12.7 times the standard model prediction at 95% confidence
level, with an expectation of 18.6. Compared to a previous search by the CMS Collaboration
with 138 fb~! of Run 2 data in the same channel, significant improvements in sensitivity have
been achieved, owing to a refined classification strategy, employment of additional triggers as
well as an improved b tagging algorithm, leading to 30% better expected sensitivity despite the
smaller analysed dataset.

The cross section limit is further used to constrain the trilinear and quartic coupling of the
Higgs boson between [—9.7,15.8] ([—13.4,19.9] expected) and [—0.27,2.32] ([—0.58,2.64] ex-
pected), respectively, at 95% CL

The presented search is the first result with /s = 13.6 TeV data in this channel.
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