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1 Introduction
In 2012, the ATLAS and CMS Collaborations at the LHC discovered a new particle with a mass
of approximately 125 GeV in searching for a Higgs boson [1–3]. Extensive measurements of its
properties, including spin and parity, couplings with other standard model (SM) particles and
width, have revealed that this particle is compatible with the SM Higgs boson (H) [4, 5]. The
Higgs boson self-interaction is an important pending test of the Brout–Englert–Higgs mecha-
nism. The Higgs boson trilinear (λ3) and quartic self-couplings (λ4) determine the shape of the
Higgs potential. Precise measurements of these couplings provide valuable information about
electroweak symmetry breaking and the electroweak phase transition [6]. Several cosmological
models predict that the shape of the Higgs field could be related to inflation and baryogene-
sis [7]. While the quartic coupling is challenging to measure at the LHC and requires future
colliders [8–10], the trilinear coupling can be directly accessed by studying Higgs boson pair
production at the LHC. The measurement of the Higgs boson trilinear self-coupling will be
among the most significant results at the LHC alongside the Higgs boson discovery.

At the LHC, pairs of SM Higgs bosons (HH) are primarily produced via gluon-gluon fusion
(ggF), with a cross section of 31.1+2.1

−7.2 fb [11, 12] at next-to-next-to-leading order (NNLO) in
quantum chromodynamics (QCD) for a centre-of-mass energy of 13 TeV and a Higgs boson
mass of 125 GeV, which is the assumed value for the studies in this note. At leading order
(LO), two amplitudes destructively interfere, namely the Higgs boson self-interaction (‘triangle
diagram’) and the top-quark loop (‘box diagram’), represented by Feynman diagrams in Fig. 1.
The triangle-diagram amplitude is proportional to the Higgs boson trilinear self-coupling, or
in the framework described in Section 3, the coupling modifier κλ, where κλ = λ3/λSM

3 .

The secondary production mechanism for HH events is vector boson fusion (VBF) with a cross
section of 1.726± 0.036 fb [13] in the SM at 13 TeV and next-to-NNLO (N3LO). The VBF pro-
duction mode, shown in Fig. 2, gives access to the coupling modifier of the interaction between
two vector bosons and two Higgs bosons (κ2V) and the interaction between a Higgs boson and
a vector boson (κV). The characteristic signature of VBF, comprising two jets in the forward
direction of the detector with large gap in rapidity between them, allows us to identify the
process despite the small cross section. Higgs boson pairs can also be produced in association
with a vector boson V = W or Z (VHH) with a cross section of approximately half that of
the VBF mode, as shown in Fig. 3. However, VHH production is less affected by the destruc-
tive interference because of the presence of additional diagrams at next-to-LO (NLO), offering
complementary constraints on κλ.

In new physics models, additional diagrams that include couplings not present in the SM may
contribute to HH production. These can be studied in the context of the Higgs effective field
theory (HEFT) [14]. The anomalous couplings studied in the present note are denoted c and
shown in Fig. 4. Here c2 corresponds to the coupling between two top quarks and two Higgs
bosons, cg corresponds to the coupling between a Higgs boson and a gluon, and c2g corre-
sponds to the coupling between two Higgs bosons and two gluons.

The ATLAS and CMS Collaborations have performed previous HH searches at
√

s = 8 and
13 TeV. ATLAS has combined HH searches in the bbγγ, bbττ , and bbbb final states at 13 TeV
and set an upper limit on the inclusive production cross section of 2.9 times the SM expectation
at 95% confidence level (CL), with 2.4 expected under the background-only hypothesis [15].
A combined search in the bbγγ, bbττ , bbbb, bbWW, and multilepton final states by CMS
at 13 TeV constrained (expected to constrain) the inclusive HH production cross section to less
than 3.4 (2.5) times the SM expectation at 95% CL [16]. This note introduces additional channels
compared to previous results by including the bbWW, WWγγ, and ττγγ final states and
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VHH production mode in the bbbb final state, to perform a variety of parameter scans as well
as searches for anomalous Higgs boson couplings in the HEFT approach. The results presented
in this note are based on the data set of proton-proton collisions at 13 TeV collected by the CMS
experiment from 2016 to 2018 (Run 2), corresponding to an integrated luminosity of 138 fb−1.
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Figure 1: Leading-order Feynman diagrams of nonresonant Higgs boson pair production via
gluon-gluon fusion in the standard model. The modifiers of the Higgs boson coupling with the
top quark and the Higgs boson trilinear self-coupling are shown as κt and κλ, respectively.
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Figure 2: Leading-order Feynman diagrams of nonresonant Higgs boson pair production via
vector boson fusion in the standard model. The modifiers of the Higgs boson coupling with
a vector boson, the Higgs boson trilinear self-coupling, and the coupling between two Higgs
bosons and two vector bosons are shown as κV , κλ, and κ2V , respectively.
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Figure 3: Leading-order Feynman diagrams of nonresonant Higgs boson pair production via
associated production with a vector boson in the standard model. The modifiers of the Higgs
boson coupling with a vector boson, the Higgs boson trilinear self-coupling, and the coupling
between two Higgs bosons and two vector bosons are shown as κV , κλ, and κ2V respectively.

2 The CMS detector and event reconstruction
The CMS apparatus [17, 18] is a multipurpose, nearly hermetic detector, designed to trigger
on [19–21] and identify electrons, muons, photons, and (charged and neutral) hadrons [22–24].
Its central feature is a superconducting solenoid of 6 m internal diameter, providing a mag-
netic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip tracker, a lead
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Figure 4: Leading-order Feynman diagrams of nonresonant Higgs boson pair production via
gluon-gluon fusion with anomalous Higgs boson couplings c2, cg , and c2g . The Higgs boson
trilinear self-coupling modifier is shown as κλ.

tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron cal-
orimeter (HCAL), each composed of a barrel and two endcap sections. Forward calorimeters
extend the pseudorapidity coverage provided by the barrel and endcap detectors. Muons are
reconstructed using gas-ionisation detectors embedded in 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. [17, 18].

Events of interest are selected using a two-tiered trigger system. The first level (L1), 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 [19]. The second level,
known as the high-level trigger (HLT), 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 [20, 21].

A particle-flow (PF) algorithm [25] aims to reconstruct and identify each particle in an event
(PF candidate), with an optimised combination of information from the various elements of
the CMS detector. The primary vertex (PV) is taken to be the vertex corresponding to the hard-
est scattering in the event, evaluated using tracking information alone, as described in Section
9.4.1 of Ref. [26]. The energy of photons is obtained from the ECAL measurement. The energy
of electrons is determined from a combination of the track momentum at the primary interac-
tion vertex, the corresponding ECAL cluster energy, and the energy sum of all bremsstrahlung
photons attached to the track. The momentum of muons is obtained from the curvature of the
corresponding track. The energy of charged hadrons is determined from a combination of their
momentum measured in the tracker and the matching ECAL and HCAL energy deposits, cor-
rected for zero-suppression effects and for the response function of the calorimeters to hadronic
showers. Finally, the energy of neutral hadrons is obtained from the corresponding corrected
ECAL and HCAL energies. The missing transverse momentum vector ~p miss

T is computed as
the negative vector sum of the transverse momenta of all the PF candidates in an event, and
its magnitude is denoted as pmiss

T [27]. The ~p miss
T is modified to account for corrections to the

energy scale of the reconstructed jets in the event.

Small-radius jets are reconstructed from PF candidates, using the anti-kT clustering algorithm [28,
29] with a distance parameter R = 0.4 (AK4 jets). Charged particles not originating from the
PV are excluded from the jet clustering. Higgs boson decays into a pair of b quarks with high
transverse momentum (pT) result in final states with large Lorentz boost, and as a result, the
b jets are overlapping, forming one large merged jet (“large-radius jet”) and substructure, i.e.,
the two overlapping jets are “subjets” of the large-radius jet. The jets are reconstructed using
the anti-kT algorithm with a distance parameter R = 0.8 (AK8 jets).

The searches presented in this note use a variety of object identification techniques and algo-
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rithms, tailored to their specific characteristics.

3 Signal modelling
The dependence of the ggF HH cross section on κλ and κt can be written as:

σ(κλ, κt) = κ2
λκ2

t t + κ4
t b + κλκ3

t i, (1)

where t = |T|2, b = |B|2, and i = |TB∗ + B∗T|, and the three contributions correspond to the
triangle and box diagrams shown in Fig. 1, and their interference, respectively [30].

The same formula holds for every differential cross section dσ/dx for HH production. At
higher order in the QCD perturbative expansion, T and B correspond to the sum of all diagrams
of the same order in κλ and κt , and the polynomial relation in Eq. (1) remains valid. Since the
ggF cross section can be expressed as a polynomial in κλ and κt with three independent terms,
we can model the production of ggF over a wide range of κλ and κt by evaluating the cross
section at three different (κλ, κt) values and performing a linear combination. In our case, we
use three simulated data samples and combine them linearly to perform scans in the κλ and κt
parameters.

In order to study further modified values for the SM couplings as well as couplings not present
in the SM we use an event-level reweighting method. The reweighting is based on a parameter-
isation of the differential cross section in the generator-level invariant mass of the HH system
and the angular distance between the two Higgs bosons in the azimuthal plane, which are
sufficient to characterise the hard scattering because it only has two degrees of freedom. This
allows modelling any combination of coupling modifiers (κλ, κt , c2, cg , c2g), even for values
that are not used in the sample generation. The method used to derive the reweighting fac-
tors is described in Refs. [31, 32]. The procedure is similar to the recommendation by the LHC
Higgs Working Group 4 [14]. In our derivation, we use finer bins for high values of the invari-
ant mass of the HH system. The method is used for all HH decay channels except the bbbb
channel with high Lorentz boost. Because of the limited number of simulated events in the
high mHH bins, the reweighting factors are not precise enough. Therefore, all necessary Monte
Carlo (MC) simulated samples for each benchmark are produced.

Two sets of benchmarks are produced using the reweighting method. The first set defines thir-
teen benchmark scenarios [33] spanning a broad range of the coupling values in the HEFT pa-
rameterisation. The second set [34] was derived with NLO precision and considers direct and
indirect constraints on the allowed range for the coupling values. The values of the coupling
modifiers corresponding to each benchmark are shown in Tables 1 and 2.

The c2 and κt parameters are correlated in the HEFT Lagrangian, while κλ and κt remain corre-
lated as in the SM case. Therefore, we further study the c2 modifier and perform scans with c2
as the parameter of interest. To perform these scans, we use a linear combination of simulated
samples to model any combination of values with a procedure similar to that used for κλ and
κt for the SM-like results.

The simulated events for ggF production are produced using NLO matrix elements with the
model described in Ref. [30], implemented in POWHEG v2 [35–37]. The cross section is corrected
to the NNLO value as a function of κλ according to Refs. [38–40]. Four ggF samples are pro-
duced with different values of the trilinear coupling modifier (κλ = 0, 2.45, 5.0, and 1.0). The
simulated signal samples for VBF and VHH production modes are generated at leading-order
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(LO) using MADGRAPH5 aMC@NLO 2.6.5. Seven VBF samples are generated with different
values of the coupling modifiers (κV , κ2V , κλ) = (1, 1, 1), (1, 1, 0), (1, 1, 2), (1, 0, 1), (1, 2, 1), (0.5,
1, 1), and (1.5, 1, 1), and eight VHH samples are generated with the same coupling modifier
values plus (κV , κ2V , κλ) = (1, 1, 20). The total cross section is corrected to the corresponding
NNLO cross section [41, 42]. The parton shower and hadronisation are simulated with PYTHIA

8.2 [43] using the CUETP8M1 set of tuned parameters for 2016 simulations and the CP5 tune
set in 2017 and 2018 simulations. The scans in the parameters of interest κλ, κt , κV , and κ2V
are performed using a linear combination of a set of VBF and VHH samples, similar to what is
done for ggF.

Table 1: Values of the effective Lagrangian couplings for the Higgs Effective field theory bench-
marks proposed in Ref. [33].

1 2 3 4 5 6 7 8 9 10 11 12 8a
κλ 7.5 1.0 1.0 −3.5 1.0 2.4 5.0 15.0 1.0 10.0 2.4 15.0 1.0
κt 1.0 1.0 1.0 1.5 1.0 1.0 1.0 1.0 1.0 1.5 1.0 1.0 1.0
c2 −1.0 0.5 −1.5 −3.0 0.0 0.0 0.0 0.0 1.0 −1.0 0.0 1.0 0.5
cg 0.0 −0.8 0.0 0.0 0.8 0.2 0.2 −1.0 −0.6 0.0 1.0 0.0 0.8

3
c2g 0.0 0.6 −0.8 0.0 −1.0 −0.2 −0.2 1.0 0.6 0.0 −1.0 0.0 0.0

Table 2: Values of the effective Lagrangian couplings for the Higgs effective field theory bench-
marks proposed in Ref. [34].

1 2 3 4 5 6 7
κλ 3.94 6.84 2.21 2.79 3.95 5.68 −0.10
κt 0.94 0.61 1.05 0.61 1.17 0.83 0.94
c2 − 1

3
1
3 − 1

3
1
3 − 1

3
1
3 1.0

cg 0.5× 1.5 0.0 0.5× 1.5 −0.5× 1.5 1
6 × 1.5 −0.5× 1.5 1

6 × 1.5
c2g

1
3 ×−3 − 1

3 ×−3 0.5×−3 1
6 ×−3 −0.5×−3 1

3 ×−3 − 1
3 ×−3

4 Analysis strategy
In this note, we describe the statistical combination of searches for nonresonant HH production
in several production modes and decay channels. The list of HH analyses considered in this
combination, along with a summary of results, are listed in Table 3. A brief description of each
analysis is given later in this section. More details can be found in the respective publications.

Where required, the event selection of each analysis was modified for the combination to pre-
vent double counting of events. The strategy for this overlap removal is based upon work done
for the combinations in Ref. [16]. The strategy for the correlation of systematic uncertainties is
described in Section 5.

4.1 HH → bbbb resolved

The bbbb decay channel has the largest HH branching fraction among the HH decays to SM
particles. The resolved search [46] focuses on the kinematic phase space where each Higgs bo-
son is reconstructed from two small-radius b-tagged jets. It explores both the ggF and VBF HH
production modes. The online trigger selection requires the presence of at least four jets, satis-
fying thresholds on jet pT and HT, defined as the scalar pT sum of all the jets. These thresholds
vary depending on the data collection year. Consequently, data collected in 2016 are analysed
separately from those collected in 2017 and 2018.
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Table 3: Summary of results for the HH analyses included in this combination. The second
column is the observed (expected) 95% CL upper limit on the inclusive signal strength r. The
third (fourth) column is the allowed 68% CL interval for the coupling modifier κλ (κ2V). The
last column indicates whether the analysis is included in the results using the HEFT parametri-
sation.

Analysis r κλ κ2V HEFT
bbγγ [44] 7.7 (5.2) [−3.3, 8.5] [−1.3, 3.5] X
bbττ [45] 3.3 (5.2) [−1.7, 8.7] [−0.4, 2.6] X
bbbb, resolved jets [46] 3.9 (7.8) [−2.3, 9.4] [−0.1, 2.2] X
bbbb, merged jets [47] 9.9 (5.1) [−9.9, 16.9] [0.62, 1.41] X
VHH, HH → bbbb [48] rVHH < 294 (124) [−37.7, 37.2] [−12.2, 8.9] —
bbVV, VV → `νqq/2`2ν [49] 14 (18) [−7.2, 13.8] [−8.7, 15.2] X
bbVV, VV → 4q [50] 141 (69) — [−0.04, 2.05] —
HH, multilepton [51] 21.3 (19.4) [−6.9, 11.1] — X
WWγγ [52] 97 (53) [−25.8, 14.4] — X
bbZZ [53] 32.4 (39.6) [−8.8, 13.4] — —
ττγγ [54] 33 (26) [−13, 18] — —

Events selected offline contain at least four jets. Jets originating from the b quark decay are
identified using the DEEPJET algorithm. The four jets with the highest DEEPJET score are cho-
sen as b jet candidates. The pT of the four b jets is corrected using a multivariate regression
method based on a DNN. At least three b jets must satisfy the DEEPJET medium working point
(WP), which corresponds to a b jet identification efficiency of about 75% and a misidentifica-
tion rate for light-flavour quark and gluon jets of about 1%. The VBF jet candidates are the
two highest pT non-b jets located in opposite η hemispheres. Events that contain any isolated
electrons or muons are rejected.

There are three possible ways to pair the four b jets in order to reconstruct two Higgs boson
candidates. For each pairing a distance parameter d = |mH1

− kmH2
|/
√

1 + k2 is calculated,
where mH1

is the mass of the pT-leading Higgs boson candidate, mH2
is the mass of the pT-

subleading Higgs boson candidate, and k = 1.04. If the difference between the two smallest
distance parameters is larger than 30 GeV, then the pairing with the smallest distance parameter
is selected. Otherwise, between the two pairings with the smallest distance, the one maximising
the pT in the four-jet centre-of-mass frame is chosen. This procedure results in a correct jet
pairing of about 82–96 (91–98)% of the selected events for the different couplings studied in
ggF (VBF) signal events.

Events that do not have a VBF jet pair are assigned to the ggF event category. A boosted deci-
sion tree (BDTggF/VBF) discriminant is trained to separate ggF and VBF HH signals in events
that contain the VBF jet pair. A threshold on the BDTggF/VBF score is used to classify those
events in the ggF or VBF event category. The ggF and VBF categories are each further divided
into subcategories to optimise the search sensitivity to anomalous coupling hypotheses. In the
ggF category, events are separated into low-mass and high-mass categories using a 450 GeV
threshold on the Higgs boson pair invariant mass mHH . In the VBF category, events are divided
into “SM-like” and anomalous-κ2V categories using a threshold on the BDTggF/VBF score.

The dominant background source is from SM events composed uniquely of jets produced
through the strong interaction, referred to as QCD multijet events. The analysis signal region
contains at least four b jet candidates satisfying the DEEPJET medium WP. The background
of this ‘4b’ region is estimated using events from an orthogonal region in which the fourth-
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highest b-tagged jet fails the medium WP (or ‘3b’ region). Dedicated control regions are used
to derive a transfer function to model the 4b background from the 3b data. This function com-
prises a BDT reweighting and a transfer factor for reshaping and normalisation corrections,
respectively.

To remove overlapping events between this analysis and the analysis of bbbb events in the
boosted topology described in Section 4.2, an event veto is applied specifically for the combina-
tion described in this note. Events containing two massive large-radius jets with pT > 300 GeV
and at least two subjets are removed from this analysis. The pT threshold was optimised based
on the expected upper limit on SM HH production.

4.2 HH → bbbb boosted

The search in the bbbb boosted final state [47] focuses on the phase space region where both
Higgs bosons are highly Lorentz boosted so that each Higgs boson is reconstructed as a large-
radius jet. It is sensitive to modified coupling scenarios that enhance the production of highly
boosted Higgs boson pairs, including through the VBF production.

A combination of several trigger algorithms is used with requirements on the total HT or a
large-radius jet pT to be above a given threshold. This search uses the soft-drop (SD) algo-
rithm [55] to reconstruct the mass of the two Higgs boson candidates.

The graph neural network (GNN) algorithm [56–59] known as PARTICLENET [57, 60] is used
to discriminate between H → bb and QCD-induced jets. To improve the jet mass estimation,
a regression algorithm based on the PARTICLENET GNN architecture is introduced to predict
the jet mass (mreg) [61].

Events are required to have at least two large-radius jets and then grouped into mutually exclu-
sive ggF and VBF categories. The VBF categories are designed to select VBF signal events with
the characteristic signature of two additional small-radius jets in the opposite forward regions
of the detector. Three VBF event categories (high, medium, and low purity) are defined based
on the PARTICLENET discriminant (Dbb ) scores of the two Higgs boson candidate jets.

Events not sorted into the VBF categories are considered for the ggF categories. A BDT is
trained to discriminate between the HH signal and QCD multijet or tt background processes.
Three search regions (SRs) targeting the ggF production are constructed depending on the BDT
output score and the Dbb -subleading large-radius jet Dbb score.

The dominant SM backgrounds are tt and QCD multijet production. Control regions (CRs)
enriched in QCD multijet events are selected by changing the requirement on the Dbb discrimi-
nant. The QCD multijet background in the SRs is estimated using the data in the CRs and fitted
transfer factors [62–64]. An auxiliary sample enriched in tt events containing one leptonically
decaying W boson is used to extract corrections for the tt background estimate [65].

4.3 VHH, HH → bbbb

This analysis [48] focuses on the final state with both Higgs bosons decaying into a b quark-
antiquark pair. All decay modes of vector boson Z and W are considered. Experimentally, the
events are divided into four categories based on the presence of a light lepton ` (µ, e) and jets:
2 leptons, 1 lepton, pmiss

T and fully hadronic channel, corresponding to the Z → ``, W → `ν,
Z → νν, and Z/W → qq processes, respectively. Because of the large overlap with the ggF
and VBF bbbb channels, the VHH fully hadronic channel is removed from this combination.
Two event topologies are explored in this analysis: one involving four small-radius b jets, and
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the other with two large-radius jets, each from a H → bb decay.

In the leptonic channels, events are selected using triggers requiring isolated leptons or large
pmiss

T . In the resolved topology, at least three AK4 jets are required to pass the medium WP
of the DEEPJET b-tagging algorithm. If there are more than four b-tagged jets, the ones with
the highest b-tagging scores are selected. An energy-regression method is applied to the b
jets in order to improve the resolution of the dijet mass. The two Higgs boson candidates are
reconstructed by pairing the four jets with the same method used in the resolved bbbb analysis.
In the boosted topology, two AK8 jets are required to have PARTICLENET Dbb scores greater
than 0.8. Given the higher sensitivity in the boosted topology, it is given priority if an event can
be assigned to both topologies.

A categorisation BDT is trained to divide events into regions sensitive to κλ and κ2V . In each
region, another BDT is trained using all the signal processes in order to optimise the signal
versus background discrimination. The final signal strength is extracted by fitting the BDT
score distribution in the signal and control regions.

4.4 HH → bbττ

In the bbττ channel [45], the events are characterised by the decay mode of the two τ leptons.
This analysis studies final states where at least one of the τ leptons decays hadronically, i.e.
τµ τh, τeτh, and τhτh. The light leptons and τh candidates must have opposite electric charges.
The τhτh candidates are reconstructed using the DEEPTAU algorithm [66], a neural network
method discriminating τh candidates from jets, electrons, and muons. Events are required to
have at least two b jets identified using the DEEPJET algorithm.

For each event, all b jet candidates are assigned a score by a neural network trained to recognise
the H → bb topology. The two jets with the highest score are selected as the b jets from the
Higgs boson decays. To identify signal events originating from VBF, the events must have two
additional small-radius jets.

The events are selected by triggers requiring a single light lepton, or a lepton accompanied by
a τh candidate or two τh candidates. A trigger dedicated to the VBF topology was introduced
in late 2017, requiring two τh and two additional jets.

After the event selection, the events are divided into categories. The first set of categories
splits the events according to the number and topology of the jets. Events with two small-
radius jets separated by ∆R =

√
∆η 2 + ∆φ 2 < 0.4 are classified in the boosted category. All

remaining events are classified in the resolved categories. The resolved category is further split
according to whether one or both jets pass the medium WP of the DEEPJET b-tagging algorithm.
Finally, an additional VBF category selects events with at least two VBF jet candidates. The
contamination of this category from ggF events with an extra jet is significant; therefore, a
multiclassifier DNN is trained. The DNN splits the events in the VBF category into signal-like
VBF events, ggF contamination, ttH, tt , and Drell–Yan (DY) background events.

All selected events are subject to a selection on the two-dimensional plane of the invariant
mass of the dijet (mbb ) and ditau (mττ ) systems, where the mττ is reconstructed using the
SVFIT algorithm [67]. This selection is optimised separately for the resolved and the boosted
categories. No invariant mass requirement is applied to the VBF categories.

The eight event categories defined earlier are used for the signal extraction using a DNN de-
veloped to identify HH → bbττ events. The DNN is trained to classify the events from each
event category as signal- or background-like by assigning a single prediction per event. The
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maximum likelihood fit is performed using the DNN distribution simultaneously for all cate-
gories and all channels.

The main background processes for this search, tt , DY, and QCD multijet, are estimated using
data-driven methods. The shapes of the tt and DY processes are taken from the simulation and
then scaled using background-enriched regions. The scaling is extracted with a simultaneous
fit over all the control regions and applied to the simulated events in the signal region.

The QCD multijet process is entirely determined from data in jet-enriched regions where the
τ pair requirements are inverted. The event yield and shape are obtained in a region where
the τh isolation requirement is inverted. In τhτh events, only the isolation of the τh with the
lowest pT is inverted. Then, the yield is scaled by the ratio of event yield in a region where the
opposite charge requirement is inverted and a region where both the charge and the isolation
are inverted. The contributions from other backgrounds are subtracted. The QCD multijet
background is estimated after the tt background has been scaled.

4.5 HH → bbγγ

The bbγγ final state [44] is one of the most sensitive channels to HH production despite the
relatively small branching fraction because of the good mass resolution of the diphoton sys-
tem. The parameters of interest of the model are extracted from a two-dimensional fit to the
invariant mass distributions of the photon pair (mγγ) and b jet pair (mbb ). The HH signal can
be identified as a peak in the (mγγ, mbb ) distributions at the value of the Higgs boson mass.
Jets originating from the b quark decay are identified using the DEEPJET [68] algorithm based
on a deep neural network (DNN). The background is dominated by the γ+jets continuum, and
is modelled from the data sidebands of the mγγ and mbb distributions. Other important back-
ground sources are the single-Higgs-boson production processes, in which the Higgs boson
decays into a photon pair (H → γγ). The dominant H → γγ background is the ttH(γγ)
process because of the b jets in the final state from the tt decay. The H → γγ processes are
modelled using MC simulations.

Exclusive categories targeting specific HH production modes are defined to maximise the sen-
sitivity to the signal. The VBF topology is characterised by two additional jets with high
invariant mass and high ∆η. The signal region targeting the VBF mechanism has require-
ments on the two additional jets. The VBF event candidates are classified into two exclu-
sive categories depending on the value of the reduced four-body mass MX, defined as MX =
mbbγγ − mγγ − mbb + 250 GeV, where mbbγγ is the four-body invariant mass of the pairs of
photons and b jets. A boosted decision tree (BDT) classifier is defined to isolate the VBF signal
from the ggF signal and the continuum background. For the ggF-enriched categories, a BDT
classifier is used to reject the continuum background. The values of the BDT score and MX are
used to classify the events in twelve ggF-enriched categories. The number and boundaries of
the categories are optimised to maximise the expected significance of the SM HH signal.

Furthermore, a DNN is trained to separate the HH signal from the ttH(γγ) process. The selec-
tion on the DNN output score provides a ttH rejection between 80 and 85% and an efficiency
between 90 and 95% for the HH signal, depending on the analysis category. This channel is
limited by the data sample size.

4.6 HH → bbVV, VV → `νqq/2`2ν

The bbWW decay mode has the second largest branching fraction among all HH decay modes,
approximately 24%. While bbWW is the dominant channel in this final state, bbZZ and bbττ
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decays of the HH system that result in a pair of b quarks and one or two light leptons are
also included in the signal. The analysis [49] considers two final states: single-lepton (1` or
SL) bb`νqq and dilepton (2` or DL) bb2`2ν. The most significant background contribution is
the tt process, while other backgrounds include events with misidentified leptons, and the DY
process and W+jets process for the DL and SL channels, respectively.

The data are collected using single and double lepton triggers. The event selection criteria
require the presence of one isolated lepton in the 1` channel or two isolated leptons of opposite
charge in the 2` channel, originating from the W leptonic decays. The H → bb system is
characterised by two small-radius jets. While both of these jets originate from b quarks, in
the event selection, only one must be classified as a b jet by the DEEPJET algorithm. If the
H → bb system is produced with high momentum, the two b jets are Lorentz boosted and can
be reconstructed as one large-radius jet with substructure. In the SL case, the events must have
at least one more small-radius jet present, corresponding to the hadronic W decay.

To avoid overlapping events with the bbττ analysis, this analysis vetoes events containing at
least one τh candidate as defined in Ref. [45]. The events are classified using multiclass DNNs,
trained separately for the SL and DL cases. The DNNs are trained using high-level features
such as invariant masses, hadronic activity, and the output of a Lorentz-boost network that
performs automated feature engineering using the four-momenta of selected leptons and jets.
The DNN training data set includes signal samples with SM and anomalous κλ values to ensure
good performance on the full spectrum.

The multiclass DNNs have different output nodes corresponding to several background pro-
cesses and two signal processes: ggF and VBF HH production. The DNNs provide a score
for each node that can be interpreted as the probability of each event to belong to that class.
The events are categorised according to the node with the highest score. The resulting back-
ground categories are: DY or W+jets for the DL or SL channel, respectively, and tt for both
channels. The two signal categories are further divided into subcategories according to the b
jet multiplicity and topology into resolved-1b, resolved-2b, and boosted.

The background contribution from misidentified leptons is estimated using the fake-factor
method [69]. In the DL channel, the DY background is estimated using the ABCD method.
Events with zero b-tagged jets are weighted by transfer factors extracted from events with
dilepton invariant mass inside the Z boson mass window. All other backgrounds are estimated
using simulated events. The signal extraction is performed using a simultaneous maximum
likelihood fit to the distributions of the DNN outputs in the signal and background event cate-
gories.

4.7 HH → bbVV, VV → 4q

The all-hadronic bbVV search [50] targets highly Lorentz-boosted pairs of Higgs bosons pro-
duced via gluon-gluon fusion and vector boson fusion, such that both bb quarks and all four
quarks from the V decays are each contained in single large-radius jets. The online selection is
based on the combination of several conditions, on HT and the kinematics of the large-R jets.
This channel targets mainly the bbWW decays, however, HH decays into bbZZ in the fully
hadronic final state are also included in the signal.

The PARTICLENET algorithm [57] is used to isolate the signal H → bb jets against background
QCD using a discriminant, TXbb, derived from its outputs, while to identify the H → VV → 4q
jet, we introduce a new attention-based neural network, based on the PARTICLETRANSFORMER

architecture [70]. Both networks have been decorrelated from the mass of the jets by enforcing a
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uniform distribution in jet mass and pT in the training samples [71], to aid with their calibration.
Additionally, as the jet mass resolution is crucial to the sensitivity of the search, we optimise the
mass reconstruction for all AK8 jets using a PARTICLENET-based regression algorithm trained
to learn the “true”, or event-generator-level, jet mass [61], the output of which we refer to as
mreg. The jet with the higher (lower) TXbb score is considered the bb- (WW → 4q-) candidate
jet.

The VBF process produces two, likely forward, jets with large invariant masses and pseudora-
pidity separations. The BDT is optimised simultaneously for both the SM ggF and BSM VBF
κ2V = 0 signals, and separate “ggF” and “VBF” signal regions are defined using the BDT prob-
abilities for the respective processes, referred to as BDTggF and BDTVBF. Concretely, the VBF
region is defined by selections on the TXbb and BDTVBF discriminants, chosen to optimise the
expected exclusion limit on the VBF signal. The ggF region is defined by a veto on events
passing the VBF selections plus selections on the TXbb and BDTggF discriminants, similarly cho-
sen to optimise the limit on the ggF signal. The uncertainty on the BDT signal efficiency is
dominated by that of the PARTICLETRANSFORMER tagger, which is calibrated based on a new
technique [72] using the ratio of the primary Lund jet plane [73] densities of each quark subjet.

The search is performed in the signal regions using a one-dimensional likelihood model binned
in mbb

reg. The background in these regions is dominated by QCD multijet events, and is esti-
mated using the product of data in the fail region and polynomial transfer factors [62–64], as
described below. Other minor backgrounds include top quark and vector boson backgrounds,
which are estimated using MC simulation and whose systematic and statistical uncertainties
are incorporated in the final statistical analysis.

4.8 HH → multileptons

The HH multilepton analysis [51] focuses on HH decays into the final states of 4W, 2W2τ and
4τ . Events are selected using a set of single, double, and triple lepton triggers, as well as lepton
and τh triggers and double τh triggers. The leptons and τh are reconstructed with a set of spe-
cial identification criteria (ID) originally developed for the CMS ttH multilepton analysis [74].
These IDs are customised for the use of the fake factor method [69] used for the data-driven
estimation of events with misidentified leptons or τh. For leptons, these two IDs also make use
of a specialised multivariate analysis specifically trained to recognise genuine leptons that orig-
inate from vector boson and τ lepton decays. All categories veto events containing at least one
b jet identified with the medium WP of the DEEPJET algorithm and events containing at least
two b jets identified with the loose WP, corresponding to a b jet selection efficiency of about
84% and a misidentification rate for light-flavour quark and gluon jets of about 11%. This re-
duces contributions from top-quark related backgrounds such as tt and makes this analysis
orthogonal to HH analyses requiring b jets.

A maximum likelihood fit is performed simultaneously using the BDT output distributions in
a set of seven mutually exclusive event categories with final states containing multiple leptons
` (µ, e) or hadronically decaying τ leptons (τh): 2` with the same electric charge (SS), 3`, 4`,
3`+1τh, 2`+2τh, 1`+3τh and 4τh. All categories require the specified number of final state light
leptons and τh. The 2` SS and 3` categories additionally require the presence of jets originating
from hadronic W boson decays. The primary background in most categories is given by events
containing misidentified ` or τh. All categories also contain a sizable contribution of genuine
multiboson backgrounds from ZZ and WZ decays. Therefore, two kinematic distributions in
WZ and ZZ control regions are included in the fit. The categories are constructed by inverting
the Z boson veto in the 3` and 4` categories, respectively. The inclusion of these two control
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categories helps to constrain the two main diboson backgrounds as well as the corresponding
systemtaic uncertainties.

The analysis makes use of a parameterised BDT tuning the sensitivity to the SM and to one of
the sets of EFT benchmarks as described in Section 3. The results for each benchmark point are
extracted from the corresponding BDT output. For the benchmarks not included in the BDT
training, the most similar one based on the shape of the parton-level mHH spectrum is used
during inference.

4.9 HH → ττγγ

The search for HH production in the ττγγ final state [54] aims to cover both the hadronic and
leptonic decay modes of the τ lepton. Despite the small HH → ττγγ branching fraction in
the SM, the diphoton pair offers a clean experimental signature to trigger on with a good mass
resolution, while the additional tau leptons in the event help to further isolate signal from
background. The main target of the search is the nonresonant HH production via ggF.

Events are selected online using a diphoton trigger with asymmetric photon pT thresholds of
30 and 18 GeV. All events are required to have at least one diphoton candidate, and in the
case where more than one candidate exists, the candidate with the highest scalar pT sum of the
photons is chosen.

Events are required to have at least one τ lepton candidate. Both hadronic and leptonic decay
modes of the τ lepton are considered. A ττ candidate can be identified from any of the follow-
ing pairs of reconstructed objects: τhτh, τhµ, τhe, µe, µµ, ee, τh+isolated track. The DEEPTAU

discriminant is used to select τh candidates. Events consistent with a Z → `` or Z → ``γ decay
are rejected.

A BDT classifier is used to further isolate events with signal-like characteristics from the back-
ground. Hadronic jets in the event are only used in the BDT to reject backgrounds like tt.
To reduce the probability of artificial peaking structure, the mγγ is not included as an input
feature to the BDT, and the pT of the photon candidates are divided by mγγ to reduce correla-
tions between the photon pT and mγγ . Sequential boundaries are placed on the BDT output to
define event categories of different signal purity, where the boundary positions are chosen to
maximise the signal sensitivity.

The data are extracted through a maximum likelihood fit of the mγγ distribution in each cat-
egory. The smoothly falling background (continuum) is modelled directly from the data. The
signal and the single Higgs boson production, which is a resonant background, are modelled
from simulation.

4.10 HH → bbZZ

This analysis [53] focuses on ggF HH production where one Higgs bosons decays to a Z boson
pair, which subsequently decays to 4`, and the other to bb, hadronising into jets. The 4` in the
final state form a clean signature, while the high branching fraction of the bb decay channel
partially compensates for the small branching fraction of the 4` channel. The final state consists
of at least two pairs of oppositely charged isolated electrons or muons and at least two jets. The
4` signal region is defined by requiring the four-lepton invariant mass m(4`) to be within the
Higgs boson mass window. Events outside this range are included in the 4` control region.

The reducible background (Z+X) originates from processes with non-prompt leptons, mainly
from decays of heavy-flavour hadrons, misidentified jets, and electrons from photon conver-
sions. The Z+X background is estimated in a data-driven way, using a control region, and the
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probabilities of a light lepton to be misidentified. The dominant systematic uncertainty in the
reducible background estimation arises mainly from the limited number of events in both the
control region and the region where the misidentification rates are computed. Uncertainties
from the difference in the sample composition used to calculate the misidentification rate are
also considered.

A BDT is used to further discriminate signal from backgrounds. The BDT is trained using sim-
ulated events in the 4` signal region; training is done using the ggF HH process as signal and
all other processes as background. A maximum likelihood fit to the BDT output distribution is
performed to set constraints on the parameters of interest.

4.11 HH → WWγγ

This analysis [52] studies three WW decay modes: semileptonic (1`), fully hadronic, and fully
leptonic (2`) decays. We use the diphoton invariant mass distribution for the signal extraction
across all channels.

A BDT classifier is trained for photon-jet separation, resulting in a photon identification score.
The jets from the hadronisation of bottom quarks are identified using the DEEPJET algorithm.
The number of light leptons is used to maintain orthogonality in all three analyses. We assign
an event to the fully hadronic channel if it has no leptons, to the 1` channel if it has exactly one
lepton, and to the 2` channel if it has two leptons. The 1` channel uses a multiclassifier DNN
to differentiate between signal, single Higgs, and background events. A parameterised DNN
is used to extract the BSM results.

The bbγγ signal contaminates the WWγγ phase space in the fully hadronic channel. Therefore,
two binary classifiers are used for the fully hadronic channel, one acting as a bbγγ discrimina-
tor and the other distinguishing between signal and background events. A specific challenge
in the fully hadronic channel is differentiating between the ZZγγ and the WWγγ signal sam-
ples. There are residual bbγγ events that pass the WWγγ event selection but are not favoured
by the bbγγ analysis because of low bbγγ discriminator scores. Therefore, the combination
of WWγγ, ZZγγ, and residual bbγγ processes is considered signal in this analysis. Finally,
because of the limited size of the samples available for training and validating a multivariate
event classifier, a selection based on traditional variables is adopted for the 2` channel.

Additionally, even after applying the bbγγ DNN discriminator, there are residual bbγγ events
that can pass the WWγγ event selection and are not favoured by the bbγγ channel analysis
because of their DNN scores. Therefore, the final signal consist of a combination of WWγγ,
ZZγγ, and these residual bbγγ events.

5 Systematic uncertainties
A number of systematic uncertainties are considered, affecting HH signal and background
processes’ yield (i.e. normalisation uncertainties), shape (i.e. shape uncertainties) or both. The
systematic uncertainties are introduced as nuisance parameters in the maximum likelihood fit
used to extract the results. Common uncertainties among different analyses are fully correlated,
while others specific to each analysis are treated as uncorrelated.

5.1 Theory uncertainties

Theoretical uncertainties on the QCD scale, strong coupling constant αS, and parton density
functions (PDFs) affecting the cross section of all the simulated processes are included. Other
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uncertainties concern electroweak corrections for the ttZ, ttW, qqZZ, and ggZZ processes.
Theoretical uncertainties on the branching fractions of Higgs boson decays are applied on the
HH signal and single Higgs background, which are 1.2%, 1.5%, 2.1%, and 1.6% for the H → bb,
H → WW and H → ZZ, H → γγ and H → ττ branching fractions, respectively. The
uncertainty in the rate of Higgs boson associated production with heavy-flavour jets is assumed
to be 50% [75].

Theoretical uncertainties on the nonresonant HH cross section via gluon-gluon fusion are ap-
plied as a function of κλ and include a combination of uncertainties in the renormalisation
and factorisation scales, as well as the uncertainty in the top quark mass. The PDF uncer-
tainty is 3% [76]. Uncertainties for VBF production include +0.03%/−0.04% (scale) and 2.1%
(PDF+αS) [41, 77]. An additional scale uncertainty is applied to some analyses related to
PYTHIA and the colour-correlated recoil effect. This effect was found to be negligible in other
analyses.

The uncertainty in the top quark mass value assumed in the simulations of the tt background
is derived by varying the mass value by −2.7%/+2.8% [78]. Some analyses suffer from a sig-
nificant tt background contribution (bbWW, multilepton, and bbττ) and a shape uncertainty
that corresponds to the NNLO correction on the top quark pT is applied to the tt simulated
samples. The bbWW and multilepton analyses include additional uncertainties on the parton
shower initial- and final-state radiation, as well as factorisation scale uncertainties for tt and
single top quark production.

5.2 Experimental uncertainties

The integrated luminosities for the 2016, 2017, and 2018 data-taking years have 1.2–2.5% un-
certainty per year [79–81], while the overall uncertainty for the 2016–2018 period is 1.6%. The
number of pp interactions is calculated from the instantaneous luminosity and an estimated
inelastic pp collision cross section with 5% uncertainty. An uncertainty in the shape of the dis-
tribution of the mean number of pp interactions per bunch crossing (pielup) is also applied to
all simulated samples. The trigger selection efficiency is corrected in each analysis to account
for the differences between the data and simulation.

When identification criteria are applied to muons, electrons, and τh, the identification efficien-
cies in the simulated samples are corrected to match those in data. The uncertainties related to
these corrections affect the shapes of the kinematic distributions. For analyses that use the same
selection criteria, these uncertainties are treated as correlated. For analyses that use photons,
the shape uncertainties related to the photon identification efficiency are also considered.

Similarly, the uncertainties in the efficiency of the jet selection criteria in simulation, are con-
sidered as uncertainties on the shape of the kinematic distributions. Nuisance parameters that
affect the shape of the jet flavour discriminant are also included. Different types of contamina-
tion are treated with separate parameters. Uncertainties in the jet energy scale and resolution
are used as shape uncertainties for all simulated samples. For analyses where Emiss

T is relevant,
uncertainties related to the unclustered energy reconstruction efficiency are taken into account
as Emiss

T distribution shape uncertainties in simulated samples.

During data collection in 2016 and 2017, a gradual change in the timing of the ECAL L1 trig-
ger primitives in the region with |η| > 2.0 caused a specific trigger inefficiency. For events
containing an electron or a jet with pT larger than ≈50 GeV (≈100 GeV), in the region with
2.5 < |η| < 3.0 the efficiency loss is≈10–20%, depending on pT, η, and time. Correction factors
are computed from data and applied to the acceptance evaluated by simulation. In addition, a
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normalisation uncertainty is included in the statistical fit.

A correction factor is applied to simulated data for the 2018 era to account for two HCAL
modules being switched off, and an associated shape uncertainty is introduced. Analyses
that perform data-driven background estimation methods include uncertainties related to each
method. These are treated as uncorrelated among different analyses.

Finally, uncertainties from the limited number of simulated events are taken into account using
the Barlow–Beeston approach [82]. These uncertainties are not considered in the case of the
HL-LHC projections, as it is assumed that we will have sufficient simulated data at the time.

6 Results
The data are interpreted in several ways. Upper limits on HH production cross sections and
constraints on coupling modifiers that contribute to SM HH production are derived based on
the asymptotic formulae for the profile likelihood ratio test statistic −2∆ log(L) [83, 84] and
the CLs [85, 86] criterion. In addition, using the HEFT parametrisation, we provide a number
of BSM results. In all cases, expected limits are derived under the background-only hypothe-
sis. These results have been determined using the CMS statistical analysis tool COMBINE [87],
which is based on the ROOFIT [88] and ROOSTATS [89] frameworks.

First, we set upper limits at 95% CL on the inclusive HH production cross section. The limit is
observed (expected) to be 3.5 (2.5) times the SM prediction. The equivalent upper limit for the
VBF alone is observed (expected) to be 79 (91) times the SM prediction. In Fig. 5, we show the
limits on the inclusive HH cross section divided by the SM prediction, i.e. the inclusive signal
strength r, for each contributing channel and their combination. We also show the limits on the
VBF cross section, divided by the SM prediction, i.e. the VBF signal strength rVBF HH , in Fig. 6.
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Figure 5: The 95% CL upper limits on the inclusive signal strength r = σHH/σSM
HH for each

channel and their combination. The inner (green) band and the outer (yellow) band indicate
the 68 and 95% CL intervals, respectively, under the background-only hypothesis. The bbbb
and bbWW contributions have been combined in order to simplify the presentation of results.
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Figure 6: The 95% CL upper limits on the VBF signal strength rVBF HH = σVBF HH/σSM
VBF HH

for each channel and their combination. The inner (green) band and the outer (yellow) band
indicate the 68 and 95% CL intervals, respectively, under the background-only hypothesis. Not
all of the eight channels are used to extract the combined VBF limit. The contributing channels
are indicated in the figure. The bbbb and bbWW contributions have been combined in order
to simplify the presentation of results.

In Fig. 7, the upper limits at 95% CL on the HH cross section are shown as a function of κλ (left)
and κ2V (right), respectively. We exclude HH production at 95% CL for values of κλ outside
the range between −1.39 and 7.02. The equivalent expected range is between −1.02 and 7.19.
Similarly, we exclude HH production for the κ2V coupling modifier outside the range between
0.62 and 1.42, with the expected range between 0.69 and 1.35.
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Figure 7: The 95% CL upper limits on the inclusive HH cross section as a function of κλ (left)
and κ2V (right), respectively. All other couplings are set to the values predicted by the SM.
The theoretical uncertainties in the HH ggF and VBF signal cross sections are not considered
because here we directly constrain the measured cross section. The inner (green) band and the
outer (yellow) band indicate the 68 and 95% CL intervals, respectively, under the background-
only hypothesis. The star shows the limit at the SM value for κλ and κ2V , respectively.

The profile likelihood ratio test statistic −2∆ log(L) as a function of κλ and κ2V is shown in
Fig. 8. Besides the ones scanned, all other couplings are set to the values expected by the SM.

All eight channels are included in the profile likelihood ratio fits. The best fit value of κλ is
found to be 1.51 and κλ is constrained at 1 σ (68.3% CL) to be within −0.08 and 4.20, while
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the expected constraint is from −0.88 to 6.32. At 2 σ (95.4% CL), κλ is constrained to be within
−1.40 to 6.43, with an expected constraint of −2.29 to 7.95. For κ2V , the best fit value is at 1.02,
the 1 σ (68.3% CL) interval is from 0.81 to 1.23 (0.77 to 1.26 expected), and the 2 σ (95.4% CL)
interval is from 0.63 to 1.40 (0.62 to 1.41 expected). The value of κ2V = 0 is excluded with a
significance of more than 6 σ.
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Figure 8: The profile likelihood ratio test statistic −2∆ log(L) as a function of coupling modi-
fiers κλ (left) and κ2V (right) for the combination of all channels.

Figure 9 shows the two-dimensional contours of the −2∆ log(L) in the (κλ, κ2V), (κV , κ2V),
and (κλ, κt) planes for the combination of all contributing channels. All the other parameters,
besides the ones scanned, are set to the values expected by the SM. For the scan of (κV , κ2V),
there is a slight degeneracy in κV , while for the (κλ, κt) scan, there is a degeneracy in κt . Only
the global minima are pictured. The degeneracy is expected given that besides the interference
terms, the HH production cross section has a quadratic dependence in κV and κt . No significant
deviation from the SM is observed.
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Figure 9: Profile likelihood ratio test statistic−2∆ log(L) scans as a function of pairs of coupling
modifiers (κλ, κ2V) (top left), (κV , κ2V) (top right), and (κλ, κt) (bottom) for the combination of
all channels when all the other parameters are fixed to their SM value.
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Beyond varying κλ, κ2V , κV , and κt to values different from the SM expectation, we interpret
the data in terms of anomalous couplings that are not predicted in the SM, namely c2, cg , and
c2g . All BSM interpretations studied in this note only alter the ggF production, while the VBF
production is assumed to be as predicted in the SM. The channels contributing to the BSM
interpretations are bbγγ, bbbb boosted and resolved, bbττ , bbWW, multilepton, WWγγ,
and ττγγ.

First, we interpret the results in the context of two sets of benchmarks, combinations of the cou-
pling modifiers (κλ, κt , c2, cg , c2g) as described in Section 3. The ττγγ channel only contributes
to the results for the benchmark of Ref. [33], while the rest of the channels contribute to both
sets. The upper limits on the HH cross section at 95% CL are shown in Fig. 10. No significant
deviations from expectations are observed, but there is an overall excess in all benchmarks,
between 1 and 2 σ.
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Figure 10: Upper limits on the HH production cross section at 95% CL for the two sets of
HEFT benchmarks. The theoretical uncertainties in the HH ggF signal cross section are not
considered because we directly constrain the measured cross section.

In the HEFT Lagrangian, the term containing κt is correlated with the coupling modifier c2,
which corresponds to the BSM coupling between two top quarks and two Higgs bosons. Fig-
ure 11 shows the upper limits on the HH cross section as a function of c2 on the left and the
−2∆ log(L) scan for c2 on the right. Taking into account the theoretical uncertainties in the HH
ggF and VBF signal cross sections, we exclude HH production at 95% CL for c2 values outside
the range from −0.28 to 0.59. The corresponding expected range is between −0.17 and 0.47.
For c2, the best fit to the data is found to be 0.40, the 1 σ (68.3% CL) interval is from 0.23 to 0.51
(−0.15 to 0.41 expected), and the 2 σ (95.4% CL) interval is from −0.29 to 0.63 (−0.27 to 0.56
expected).



20

1.0− 0.5− 0.0 0.5 1.0 1.5
2C

10

210

310

 H
H

) 
(f

b)
→

(p
p 

σ
95

%
 C

L 
lim

it 
on

 

Excluded Excluded

Observed          Median expected
Excluded           68% expected    
Theory prediction 95% expected    
SM prediction                            

CMS Preliminary

 = 1tκ = λκ
 = 12Vκ = Vκ

 (13 TeV)-1138 fb

0.4− 0.2− 0.0 0.2 0.4 0.6 0.8 1.0

2C
0

1

2

3

4

5

6

 lo
g(

L)
∆

-2
 

68.3% CL

95.4% CL

Observed Expected

CMS Preliminary

 = 12Vκ = Vκ = tκ
 (13 TeV)-1138 fb

Figure 11: On the left, upper limits on the HH cross section as a function of the c2 coupling
modifier. The theoretical uncertainties in the HH ggF signal cross section are not considered
because we directly constrain the measured cross section. On the right, the profile likelihood
ratio test statistic −2∆ log(L) as a function of the c2 coupling modifier.
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7 Projections to HL-LHC
To further probe the SM, with particular interest in the Higgs boson self-coupling, the High-
Luminosity LHC (HL-LHC) [90] operations are currently scheduled to begin in 2030. In this
new phase, the accelerator will deliver the highest ever instantaneous luminosity and energy
reached at a collider. In these running conditions, an integrated luminosity up to 3000 fb−1

is expected to be collected over the anticipated ten years of data-taking. This unparalleled
dataset will open a unique window on the weak-scale nature of the universe, and the study
of the Higgs boson self-coupling represents one of the most important targets of the HL-LHC.
It is therefore of interest to extrapolate the current results to predict the sensitivity that can be
achieved at the HL-LHC.

The results are projected to different integrated luminosity values, i.e. 300, 1000, 2000, and
3000 fb−1 to track the evolution during the data taking. In the projection studies, only the
bbγγ, bbττ , bbbb, multilepton, and bbWW channels are included as they are the ones with
the greatest sensitivity. The procedure for the statistical combination is the same as described
in Sections 5 and 6.

The extrapolation of the Run 2 results to HL-LHC follows the same recipe used in previous
projections of Higgs boson searches and measurements [9]. For the projections to a certain in-
tegrated luminosity L, the Run 2 signal and background yields, as well as the selected data
events, are scaled up by a factor kL equal to the increase of integrated luminosity with respect
to Run 2. The scaling of the data events is necessary for those analyses that rely on the data to
properly model the backgrounds in the fit. The efficiency of the physics object reconstruction
and identification is assumed to be the same as in Run 2. The same assumption is made re-
garding the experimental energy or momentum resolution of the physics objects. This is based
on the premise that the upgraded CMS detector will ensure performance comparable to Run 2
despite the larger pileup and radiation damage to the detector components.

The exact level of systematic uncertainties in CMS during HL-LHC is unknown. Therefore, we
derive the projections in three different scenarios of systematic uncertainties:

• “S1”: The systematic uncertainties are assumed to be at the same level of Run 2.

• “S2”: The systematic uncertainties with a statistical origin, e.g. statistical uncertain-
ties in data/MC scale factors, are reduced by a factor

√
kL, until “floor” values

are reached. The “floor” values prevent uncertainties from becoming unreasonably
small and are based on studies in Ref. [9]. The theoretical uncertainties in the sig-
nal and background cross sections are halved to account for the expected progress
in the theory calculations throughout the next years. The uncertainties originating
from the limited size of the MC samples are also removed under the assumption of
very large MC data sets.

• “stat. only”: No systematic uncertainties are considered in the fit.

It should be noted that the systematic uncertainties related to specific issues encountered in
Run 2 have been removed from all three scenarios, including S1. The nominal scenario for the
HL-LHC conditions is S2.

The treatment of the uncertainties common to multiple analysis channels is summarised in
Table 4. The analysis-specific uncertainties are treated case by case.

The projected upper limits on the HH signal strength for the statistical combination of the con-
sidered HH channels at different integrated luminosities are shown in the left panel of Fig. 12.
Assuming SM values for HH production, we will become sensitive to excesses in HH inclus-
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Table 4: Treatment of most important common systematic uncertainties in the S2 scenario.

Uncertainty Scaling with respect to Run 2
Theory uncertainties 1/2

Stat. uncertainties in MC simulation Removed
b-tag efficiency stat. component 1/

√
kL

b-tag efficiency (non stat. component) Unchanged
AK4 jet scale absolute max(0.3, 1/

√
kL)

AK4 jet scale flavor max(0.5, 1/
√

kL)
AK4 jet scale relative max(0.2, 1/

√
kL)

AK4 jet scale method 1/
√

kL
AK4 jet energy resolution max(0.5, 1/

√
kL)

Emiss
T max(0.5, 1/

√
kL)

Luminosity 0.6
τh ID Unchanged

τh Energy scale Unchanged
Pileup Unchanged

Run 2 issues Removed

sive cross section for integrated luminosities larger than 1000 fb−1, when the expected upper
limit drops below one. The projections at 3000 fb−1 under the different systematic uncerainty
scenarios are shown in the right panel of Fig. 12.

The projected κλ likelihood scans are shown in Fig. 13. In the S2 scenario, the expected 1 σ
uncertainty on κλ is +80%/−60% and +60%/−50% for an integrated luminosity of 2000 and
3000 fb−1, respectively.

The expected significance for the HH signal strength assuming SM values for all parameters
is summarised in Table 5. CMS will observe evidence for HH production by the end of HL-
LHC, with significance 3.2 σ for 2000 fb−1 at the nominal systematic uncertainty scenario and
assuming that the signal will be SM-like. Figure 14 on the left shows the significance that can
be achieved for the SM signal as a function of the integrated luminosity. On the right, the sig-
nificance is shown as a function of κλ. The sensitivity to the HH signal varies with κλ due to the
effects of the interference between the box and triangle diagrams, discussed in Section 1. The
two diagrams have different kinematic properties, therefore, the interference varies not only the
HH cross section but the HH signal acceptance rate as well. For κλ < 1 and κλ > 5, we would
be able to observe evidence sooner. For 1 < κλ < 5 the HH signal is suppressed, and the sig-
nificance will be lower than expected, with minimum significance at κλ = 3.4. The projections
presented here do not take into account potential improvements in triggering [91, 92], object
reconstruction and selection such as b tagging, or analysis techniques. Historically, advance-
ments in software and analysis methods have allowed us to exceed expectations, therefore the
projections shown in this note are most likely conservative.
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Figure 12: Expected upper limits on the HH signal strength from the combination of all the
considered channels at different integrated luminosities (left), and under different assumptions
on the systematic uncertainties for an integrated luminosity of 3000 fb−1 (right).
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Figure 13: Expected κλ likelihood scan from the combination of all the considered channels
projected at different integrated luminosities (left), and under different assumptions on the
systematic uncertainties for an integrated luminosity of 3000 fb−1 (right).

Table 5: Expected significance for the HH signal projected to 2000 or 3000 fb−1 under different
assumptions of systematic uncertainties.

Significance (σ) at 2000 fb−1 Significance (σ) at 3000 fb−1

S2 Stat. only S2 Stat. only
bbbb resolved jets 1.0 1.3 1.4 1.6
bbbb merged jets 1.7 1.7 2.0 2.1
bbττ 1.7 1.9 2.1 2.3
bbWW 0.6 0.8 0.7 0.9
bbγγ 1.8 1.9 2.2 2.3
Combination 3.2 3.6 3.8 4.3
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Figure 14: Expected signal significance as a function of integrated luminosity (left). The green
curve shows the significance using the same scheme for systematic uncertainties as the nom-
inal Run 2 result for consistency with Section 6 for 138 and 300 fb−1. The subsequent points
use the S2 scenario for systematics. The magenta curve shows the significance for statistical
uncertainties only. Expected signal significance as a function of κλ under different assumptions
on the systematic uncertainties for an integrated luminosity of 3000 fb−1 (right).
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8 Summary
A combined search for nonresonant Higgs boson pair (HH) production is performed using the
proton-proton collision data set produced by the LHC at

√
s = 13 TeV, and collected by the

CMS detector from 2016 to 2018 (Run 2), which corresponds to an integrated luminosity of
138 fb−1. Searches for HH production via gluon-gluon (ggF) and vector boson fusion (VBF)
production, are carried out in the bbγγ, bbττ , bbbb, bbWW, and multilepton channels. Ad-
ditionally, the gluon-gluon fusion Higgs boson pair production is also searched for in the bbZZ
with ZZ decaying to four leptons, WWγγ, and ττγγ final states, which have clean signatures
but relatively small branching fractions. The associated production mechanism with a vector
boson is searched for in the bbbb final state with the largest branching fraction. The analyses
of these channels are combined to probe the Higgs boson trilinear self-coupling, the quartic
coupling between two vector bosons and two Higgs bosons (VVHH) and to search for beyond
the standard model physics scenarios in the Higgs effective field theory approach.

The observed and expected upper limits at 95% confidence level (CL) on the cross section of
gluon-gluon fusion Higgs boson pair production are found to be 3.5 and 2.5 times the standard
model expectations. For the vector boson fusion production, the observed and expected upper
limit at 95% CL are 79 and 91 times the standard model expectations. One-dimensional scans
of coupling modifiers are performed. When all other parameters are assumed to be as expected
from the SM, we (expect to) exclude HH production at 95% CL when the Higgs boson trilinear
self-coupling modifier κλ is outside the range from −1.39 to 7.02 (−1.02 to 7.19). Equivalently,
HH production is excluded when the VVHH coupling modifier κ2V is outside the range from
0.62 to 1.42 (0.69 to 1.35 expected).

Two-dimensional measurements are also performed, including simultaneous measurements of
κλ and κ2V , κλ and the modifier of the Higgs boson coupling to the top quark (κt), and κ2V and
the modifier of the Higgs boson coupling to vector bosons (κV). The results are in agreement
with the standard model predictions.

Under an effective field theory framework, the cross section of the nonresonant ggF HH pair
production is parameterised as a function of anomalous couplings of the Higgs boson, involv-
ing the contact interactions between two Higgs and two top quarks, between two gluons and
two Higgs bosons, and between two gluons and a Higgs boson. We perform searches for bench-
mark signals under different anomalous coupling scenarios and set upper limits on their cross
sections at 95% CL. We (expect to) exclude HH production at 95% CL when the coupling of the
contact interaction between two Higgs and two top quarks is outside the range between −0.28
to 0.59 (−0.17 to 0.47).

These results present the most stringent limits and constraints obtained from the searches for
nonresonant Higgs boson pair production using the LHC Run 2 data set collected by the CMS
detector. Extrapolating our current results to the luminosity of HL-LHC it can be expected to
see first evidence for Higgs boson pair production with ≈2000 fb−1 of data.
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