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Abstract
This paper presents a combination of searches for the nonresonant production of Higgs boson
pairs (HH) in proton–proton collisions at a centre-of-mass energy of 13 TeV. The dataset was col-
lected by the CMS experiment at the LHC from 2016 to 2018 and corresponds to a total integrated
luminosity of 138 fb−1. The observed (expected) upper limit on the inclusive HH production
cross-section relative to the standard model (SM) prediction is found to be 3.5 (2.5). Assuming all
other Higgs boson couplings are equal to their SM values, the Higgs boson trilinear self-coupling
modifier κλ = λ3/λ

SM
3 is constrained in the range−1.35⩽ κλ ⩽ 6.37 at 95% confidence level

(CL). Similarly, for the coupling modifier κ2V, which governs the interactions between two vector
bosons and two Higgs bosons, we have excluded κ2V = 0 at more than five standard deviations for
all values of κλ. At 95% CL, assuming that the other couplings are equal to their SM values, κ2V is
constrained in the range 0.64⩽ κ2V ⩽ 1.40. This work also investigates HH production in several
new physics scenarios, using the Higgs effective field theory (HEFT) framework. The HEFT frame-
work is further exploited to study various ultraviolet complete models with an extended Higgs sec-
tor and set constraints on specific parameters. An extrapolation of the results in the expected inte-
grated luminosity following the high-luminosity upgrade of the LHC is also reported.

1. Introduction

In 2012, the ATLAS and CMS Collaborations at the CERN and LHC discovered a new particle with a
mass of approximately 125 GeV [1–3]. Extensive measurements of its properties, including mass, spin,
parity, couplings to other standard model (SM) particles, and decay width, have revealed that this par-
ticle is compatible with the SM Higgs boson (H) [4, 5]. However, the question of the Higgs boson
self-interaction remains unresolved. Measurements of the Higgs boson trilinear (λ3) and quartic self-
couplings (λ4) provide valuable information about the Brout–Englert–Higgs mechanism, the process by
which a complex scalar doublet field—the Higgs doublet—generates the masses of the W and Z bosons
via spontaneous electroweak (EW) symmetry breaking. These findings will confirm the SM or point to
new physics scenarios, such as extended Higgs sectors [6–15]. Beyond particle physics, the true nature of
the electroweak phase transition will highlight cosmological questions related to inflation, gravitational
waves, and baryogenesis [16–22]. Although the quartic coupling is challenging to measure at the LHC
and requires future colliders [23–26], the trilinear coupling can be directly accessed by studying Higgs
boson pair production.

At the LHC, pairs of SM Higgs bosons (HH) are primarily produced via gluon–gluon fusion (ggF),
with a cross-section of 31.05+0.06−0.23 fb [27, 28] at next-to-next-to-leading order (NNLO) in quantum chro-
modynamics (QCD) for a centre-of-mass energy of 13 TeV and a Higgs boson mass of 125 GeV, which
is assumed in this paper. At leading order (LO), the two amplitudes contribute to the ggF HH produc-
tion cross-section, namely the Higgs boson self-interaction (‘triangle diagram’) and the top quark loop
(‘box diagram’), represented by the Feynman diagrams in figure 1. The triangle diagram amplitude is
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Figure 1. Feynman diagrams for the leading order of nonresonant Higgs boson pair production via gluon–gluon fusion in the
SM. 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.

Figure 2. Feynman diagrams for the leading order of nonresonant Higgs boson pair production via vector boson fusion in the
SM. 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.

Figure 3. Feynman diagrams for the leading order of nonresonant Higgs boson pair production associated with a vector boson in
the SM. 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.

proportional to the Higgs boson trilinear self-coupling, or in the theoretical framework described in
section 3, to the coupling modifier κλ = λ3/λ

SM
3 , where λ

SM
3 is the Higgs boson trilinear self-coupling in

the SM. The triangle and box diagram amplitudes interfere destructively, leading to a significant reduc-
tion in the ggF cross-section for certain values of κλ.

The second largest production mechanism for HH events is vector boson fusion (VBF) with a cross-
section of 1.726± 0.036fb [29] in the SM at

√
s= 13TeV and next-to-NNLO (N3LO) in QCD. The

VBF production mode, shown in figure 2, provides access to the coupling modifier of the interactions
between two vector bosons and two Higgs bosons (κ2V) and the interactions between a Higgs boson
and two vector bosons (κV). The characteristic signature of VBF, two jets in the forward direction, with
a large pseudorapidity (η) separation, 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, 0.36+0.04−0.03 fb for ZHH and 0.33

+0.03
−0.05 fb [30] for

WHH, as shown in figure 3. The VHH production is affected differently by the destructive interference
compared to the ggF and VBF due to the presence of additional diagrams at next-to-LO (NLO), offering
complementary constraints on κλ, especially for κλ > 0 [31].

In novel physics models, additional diagrams that include couplings not present in the SM may
contribute to HH production. These can be examined in the context of the Higgs effective field theory
(HEFT) [32]. The HEFT Lagrangian extends the SM Lagrangian with additional operators of dimension
five or greater that are invariant under SU(3)C ×U(1)EM and their corresponding couplings. Figure 4
displays the anomalous couplings c investigated in this paper. In particular, c2 is the coupling between
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Figure 4. Feynman diagrams for the leading order 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.

two top quarks and two Higgs bosons, cg is the coupling between two gluons and one Higgs boson,
and c2g is the coupling between two gluons and two Higgs bosons. The total HH HEFT Lagrangian as
a function of the anomalous coupling modifiers is described as:

∆LHEFT =−mt
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h2
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)
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(1)

The ATLAS and CMS Collaborations have performed previous HH searches at
√
s= 8 and 13 TeV.

The ATLAS Collaboration has combined HH searches in the bb̄γγ, bb̄ττ , and bb̄bb̄ final states at
13 TeV and set an upper limit on the inclusive production cross-section of 2.9 times the SM expecta-
tion at 95% CL, with 2.4 expected under the background-only hypothesis [33]. A combined search in
the bb̄γγ, bb̄ττ , bb̄bb̄, bb̄ZZ, and multilepton final states by CMS at 13 TeV constrained (expected to
constrain) the inclusive HH production cross-section to be less than 3.4 (2.5) times the SM expectation
at 95% CL [4]. This paper supersedes previous results by introducing additional channels, including the
bb̄WW, WWγγ, and ττγγ final states and the VHH production mode in the bb̄bb̄ final state, to per-
form a variety of parameter scans, as well as searches for anomalous Higgs boson couplings in the HEFT
approach. The HEFT parametrization is further exploited to constrain parameters in specific ultraviolet
(UV) complete models. The results presented in this paper and provided in the corresponding HEPData
records [34] are based on a dataset of proton–proton (pp) collisions at 13 TeV collected by the CMS
experiment from 2016 to 2018 (Run 2), corresponding to an integrated luminosity of 138 fb−1.

2. The CMS detector and event reconstruction

The CMS apparatus [35, 36] is a multipurpose, nearly hermetic detector, designed to trigger on [37–39]
and identify electrons, muons, photons, and (charged and neutral) hadrons [40–42]. Its central feature
is a superconducting solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T. Within the
solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorime-
ter (ECAL), and a brass and scintillator hadron calorimeter (HCAL), each comprising a barrel and two
endcap sections. Forward calorimeters extend the pseudorapidity coverage provided by the barrel and
endcap detectors. Muons are reconstructed using gas-ionization detectors embedded in a steel flux-return
yoke outside the solenoid. A more detailed description of the CMS detector together with a definition of
the coordinate system used and the relevant kinematic variables can be found in [35, 36].

Events of interest are selected using a two-tiered trigger system. The first level, consisting 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 [37]. The second level, known as the high-level
trigger, comprises a farm of processors running a version of the full event reconstruction software opti-
mized for fast processing, and reduces the event rate to a few kHz before data storage [38, 39].

The particle-flow (PF) algorithm [43] aims to reconstruct and identify each particle in an event (PF
candidate), with an optimized combination of information from the various elements of the CMS detec-
tor. The primary vertex (PV) is taken to be the vertex corresponding to the hardest scattering in the
event, evaluated using tracking information alone, as described in section 9.4.1 of [44]. The energy of
photons is obtained from the ECAL measurement. The energy of electrons is determined from a combi-
nation of the track momentum at the PV, 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

3



J. Phys. G: Nucl. Part. Phys. 53 (2026) 095001 The CMS Collaboration

curvature of the corresponding track. The energy of charged hadrons is determined from a combination
of the track momentum and the corresponding ECAL and HCAL energies, corrected 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.

Small-radius jets are reconstructed from PF candidates, using the anti-kT clustering algorithm [45,
46] with a distance parameter R= 0.4 (AK4 jets). Charged particles not originating from the PV are
excluded from the jet clustering, and an offset correction is applied to correct for the remaining con-
tributions. Higgs boson decays into a pair of b quarks with high transverse momentum (pT) result in
final states with large Lorentz boost. As a result, the b jets are overlapping, forming one large merged jet
(‘large-radius jet’) and substructure, that is, 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 missing transverse momentum vector p⃗missT is computed as the negative vector pT sum of all the
PF candidates in an event, and its magnitude is denoted as pmissT [47]. The p⃗missT is modified to account
for corrections to the energy scale of the reconstructed jets in the event.

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

3. Signal modelling

The ggF HH cross-section as a function of κλ and κt is expressed as follows:

σ (κλ,κt) = κλ
2κt

2t+κt
4b+κλκt

3i, (2)

where t= |T|2, b= |B|2, and i= |TB∗ +B∗T| are the three amplitudes that correspond to the triangle
and box diagrams shown in figure 1 and their interference, respectively [48].

The same formula holds for all differential cross-section dσ/dx for ggF HH production. At higher
orders 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 equation (2) 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
ggF signal over a wide range of κλ and κt by evaluating the cross-section at three different combinations
of values for (κλ, κt) and performing a linear combination. In our case, we use the information from
three simulated data samples as a linear combination that allows us to perform scans in the κλ and κt

parameters.
An event-level reweighting method is used to study modified SM couplings and couplings not

present in the SM. The reweighting parametrises the differential cross-section as a function of the invari-
ant mass of the HH pair and their angular separation in the azimuthal plane, which fully characterizes
the system. This enables modelling different combinations of (κλ, κt, c2, cg, c2g) present in ∆LHEFT of
equation (1), including combinations without a corresponding generated sample. The method used to
derive the reweighting factors is described in [49, 50]. The procedure is similar to the recommendation
by the LHC Higgs Working Group 4 [32]. In our derivation, we use finer bins for high values of the
invariant mass of the HH system. The results are validated using simulated samples at the generator level
with custom combinations of the coupling parameters. The method is used for all HH decay channels
except the bb̄bb̄ channel with high Lorentz boost, where the reweighting factors are not precise enough
due to the limited number of simulated events in the high mHH bins. 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 13 bench-
mark scenarios [51] spanning a broad range of the coupling values in the HEFT parametrization at LO
precision, noted as JHEP04(2016)126. The second set [52], noted as JHEP03(2020)091, is derived with
NLO precision and considers direct and indirect constraints on the allowed range for the coupling val-
ues. The aim of both sets of benchmarks is to sample the parameter space describing the signal accord-
ing to kinematic features of the final state. The values of the coupling modifiers corresponding to each
benchmark are shown in tables 1 and 2.

We further study the c2 modifier and perform scans with c2 as the parameter of interest. In con-
trast, c2, κt, and κλ are free parameters in the HEFT Lagrangian; hence, it is of interest to check for
correlations.

Finally, constraints are set on specific UV complete models. The parameters of each model can
be written in terms of κλ, κt, and c2 based on a mapping described in [50]. Three types of models
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Table 1. Values of the effective Lagrangian couplings for the Higgs effective field theory benchmarks proposed in [51] and referred to in
this paper as JHEP04(2016)126.

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 0.27

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 benchmarks
proposed in [52] and referred to in this paper as JHEP03(2020)091.

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 −0.33 0.33 −0.33 0.33 −0.33 0.33 1.0

cg 0.75 0.0 0.75 −0.75 0.25 −0.75 0.25

c2g −1 1 −1.5 −0.5 1.5 −1 1

are studied in this paper: models with one additional scalar [6, 7], models with two Higgs doublets
(2HDM) [8–11], and composite Higgs models [12–15].

The scans on the parameters of interest κλ, κt, κV, and κ2V are performed using a linear combi-
nation of a set of VBF and VHH samples, similar to what is done for ggF. Modifications of the Higgs
boson couplings to other particles that affect HH and single Higgs boson production are considered in
all the cases [53].

The simulated events for ggF production are produced using NLO matrix elements with the model
described in [48], implemented in the POWHEG v2 [54–56]. The cross-section is corrected to the
NNLO value as a function of κλ according to [31, 57]. Four ggF samples are produced with differ-
ent values of the trilinear coupling modifier (κλ = 0, 2.45, 5.0, and 1.0). The simulated signal sam-
ples for VBF and VHH production modes are generated at LO using MADGRAPH5_aMC@NLO
2.6.5 [58–60]. A total of seven VBF samples are generated with different values of the coupling modi-
fiers (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
VBF samples are generated with the same coupling modifier values plus (κV,κ2V,κλ) = (1,1,20). This
last benchmark is used in the VHH case where κλ is less constrained; therefore, we need to model large
values of κλ. The total cross-section is corrected to the corresponding NNLO cross-section [30, 61]. The
parton shower and hadronization are simulated with PYTHIA 8.230 [62] using the CUETP8M1 [63]
set of tuned parameters for 2016 simulations and the CP5 [64] tune set for 2017 and 2018 simu-
lations. The simulated samples produced with PYTHIA and the CUETP8M1 (CP5) tune use the
NNPDF3.0 (NNPDF3.1) parton distribution functions (PDFs) [65–67], whereas samples produced with
MADGRAPH5_aMC@NLO or POWHEG v2 use the NNPDF3.1 set. The CMS detector response is mod-
elled using GEANT4 [68].

4. Analysis strategy

The list of HH analyses considered in this combination, along with a summary of results, is 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. For the purposes of this combination, extensive studies are performed to
avoid double counting of events among the different analyses. Specific actions taken by the various anal-
yses are described in each section. Two channels, bb̄WW, WW→ 4q and WWγγ, have not been previ-
ously published; therefore, more details are provided in the corresponding sections. The bb̄WW analysis
is the first search for HH→ bb̄WW in the all-hadronic final state.

Where required, the event selection for each analysis was modified for the combination to prevent
double counting of events. The strategy for this overlap removal is based upon work done for the com-
binations in [4].
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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 µ= σHH/σSMHH, with one exception where µVHH = σVHH/σSMVHH is shown. 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 parametrization.

Analysis µ κλ κ2V HEFT

bb̄bb̄, resolved jets [69] 3.9 (7.8) [−2.3, 9.4] [−0.1, 2.2] ✓
bb̄bb̄, merged jets [70] 9.9 (5.1) [−9.9, 16.9] [0.62, 1.41] ✓
VHH, HH→ bb̄bb̄ [71] µVHH < 294 (124) [−37.7, 37.2] [−12.2, 8.9] —

bb̄ττ [72] 3.3 (5.2) [−1.7, 8.7] [−0.4, 2.6] ✓
bb̄γγ [73] 7.7 (5.2) [−3.3, 8.5] [−1.3, 3.5] ✓
bb̄WW, WW→ ℓνqq/2ℓ2ν [74] 14 (18) [−7.2, 13.8] [−8.7, 15.2] ✓
bb̄WW, WW→ 4q 141 (69) — [−0.04, 2.05] —

HHmultilepton [75] 21.3 (19.4) [−6.9, 11.1] — ✓
ττγγ [76] 33 (26) [−13, 18] — —

bb̄ZZ [77] 32.4 (39.6) [−8.8, 13.4] — —

WWγγ 97 (53) [−25.8, 14.4] — ✓

Figure 5. Illustrations of the resolved (upper left) and boosted (upper right) topologies of the bb̄bb̄ decay channel. The topology
of VHH production when all Higgs bosons decay to b jets and the vector boson is either a Z boson that decays into two leptons
(lower left) or a W boson decaying into a lepton and a neutrino, giving missing transverse momentum (lower right).

4.1. HH→ bb̄bb̄
The bb̄bb̄ decay channel has the largest HH branching fraction (33.6%) among the HH decays to SM
particles. Three analyses target the bb̄bb̄ decay channel. The first two searches for HH pairs produced via
ggF or VBF. In one case, the topology of the b jets is resolved, whereas in the other case, the b jets are
produced with a high Lorentz boost resulting in a merged signature, where pairs of jets are reconstructed
as single large radius jets. The third analysis is dedicated to the search for VHH production. In this case,
the final state is characterized by the decay mode of the vector boson. Figure 5 illustrates the topology of
each analysis.

4.1.1. HH→ bb̄bb̄ resolved
The resolved search [69] focuses on the kinematic phase space where each Higgs boson is reconstructed
from two small-radius b-tagged jets. It explores both the ggF and VBF HH production modes. The VBF
topology is characterized by two additional jets with high invariant mass and large pseudorapidity sep-
aration ∆η. Online trigger selection requires the presence of at least four jets, satisfying thresholds on
jet pT and HT, defined as the scalar pT sum of all jets. These thresholds vary depending on the data-
taking year between 30 and 90 GeV for pT and 300 to 330 GeV for HT. Consequently, data collected in
2016 are analysed separately from those collected in 2017 and 2018.

Events selected offline contain at least four jets. Jets originating from b quark decays have been iden-
tified using the DEEPJET [78] algorithm. The four jets with the highest DEEPJET score are selected as b jet
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candidates. The pT of the four b jets is corrected using a multivariate regression method based on a deep
neural network (DNN) [79]. At least three b jets must satisfy the DEEPJET medium working point (WP)
DEEPJET [78], which corresponds to a b jet ID efficiency of about 75% and a misidentification 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 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 Higgs boson candidate with the highest pT, mH2 is the mass of the other Higgs boson, and k= 1.04.
For correctly paired events in MC simulation, k is the expected ratio of the peak positions of the recon-
structed Higgs boson masses. Its value is greater than one because the energy regression depends on jet
pT, which has a larger effect on the less energetic H candidate. If the difference between the two small-
est 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 of
the two H candidates in the four-jet centre-of-mass frame is selected. This procedure results in a cor-
rect jet pairing of about 82–96 (91–98)% of the selected events for the different couplings studied in ggF
(VBF) simulated signal events.

Events that do not have a VBF jet pair are assigned to the ggF event category. A BDTggF/VBF dis-
criminant is trained to separate ggF and VBF HH signals in events that contain the VBF jet pair. The
BDTggF/VBF is trained using SM ggF signal and VBF signal with κ2V = 2. A threshold on the BDTggF/VBF
score is used to classify these events into either ggF or VBF event categories. The ggF and VBF categories
are further divided into subcategories to optimize the search sensitivity to anomalous coupling hypothe-
ses. 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 BDTggF/VBF.

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 (SR) 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-highest b-tagged jet fails in the
medium WP (or ‘3b’ region). The transfer function used to model the 4b background from the 3b data
comprises a BDT reweighting and a transfer factor (TF) for reshaping and normalization corrections.

To remove overlapping events between this analysis and the analysis of bb̄bb̄ events in the boosted
topology described in section 4.1.2, an event veto is applied for the combination described in this paper.
Events containing two massive large-radius jets with pT > 300GeV and at least two subjets are removed
from this analysis. The pT threshold was optimized based on the expected HH signal strength.

4.1.2. HH→ bb̄bb̄ boosted
In the bb̄bb̄ boosted final state [70], both Higgs bosons are highly Lorentz boosted, decay to bb̄ pairs,
and are reconstructed as large-radius jets. The search is sensitive to modified coupling scenarios that
enhance the production of highly boosted Higgs boson pairs, including through VBF production.

Several trigger algorithms with requirements on HT or large-radius jet pT are used to select events
online. This search uses the soft-drop (SD) algorithm [80] to reconstruct the Higgs boson candidate
masses (mSD).

The graph neural network (NN) algorithm [81–84] known as PARTICLENET [82, 85] is used to dis-
criminate between H→ bb̄ and QCD jets. A regression algorithm based on PARTICLENET is also used to
improve the jet mass estimation (mreg) [86].

Events with two or more large-radius jets are selected and grouped into mutually exclusive ggF and
VBF categories. Events with two additional small-radius jets in the opposing forward regions of the
detector, consistent with the characteristic VBF signature, are sorted into the VBF categories. Three VBF
event categories (high, medium, and low purity) are defined using the PARTICLENET discriminant (Dbb̄)
scores of the Higgs boson candidate jets.

The ggF categories comprise events that fail the criteria for the VBF categories. The BDT is trained
to discriminate the HH signal from QCD multijet or t̄t backgrounds based on the mSD, η, and Dbb̄ of
the Dbb̄-leading jet, and additional kinematic and substructure properties of both Higgs boson candidate
jets. Three SRs targeting the ggF production are constructed depending on the BDT discriminant and
the Dbb̄-subleading large-radius jet Dbb̄ score. The mreg distribution of the Dbb̄-subleading jet in each
ggF category is fit simultaneously to extract the signal.

Dominant SM backgrounds are t̄t and QCD multijet production. Control regions (CRs) for QCD
multijet processes are defined by inverting or loosening the requirements on the Dbb̄ score. The QCD
multijet background in the SRs is estimated using the data from the CRs and fitted TFs [87–89].
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Corrections for the t̄t background estimate are derived from a data sample enriched in t̄t events with
one W boson decaying leptonically [90].

4.1.3. VHH,VHH→ bb̄bb̄
This analysis [71] focuses on the final state with both Higgs bosons decaying into a b quark-antiquark
pair. All decay modes of vector bosons Z and W are considered. Experimentally, the events are divided
into four categories based on the presence of a light lepton ℓ(= µ, e) and jets: two leptons, one lep-
ton, pmissT and fully hadronic channel, corresponding to the Z→ ℓℓ,W→ ℓν,Z→ νν, and Z/W→ qq
processes, respectively. Due to the large overlap with the ggF and VBF bb̄bb̄ channels, the VHH fully
hadronic channel is removed from this combination. Two event topologies are explored in this analy-
sis: one involving four small-radius b jets and the other with two large-radius jets, each from a H→ bb̄
decay.

In the leptonic channels, events are selected using triggers requiring isolated leptons or large pmissT .
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 [79] is applied to the b jets 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 bb̄bb̄ analysis. In the boosted topology, two AK8 jets are required to have
PARTICLENET Dbb̄ scores greater than 0.8. Given the high sensitivity of the boosted topology, it is priori-
tized if an event can be assigned to both topologies.

A categorization 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 to optimize the signal versus background discrimi-
nation. The final signal strength is extracted by fitting the BDT score distribution in the signal and CRs.

4.2. HH→ bb̄ττ
In the bb̄ττ channel [72], the events are characterized by the decay mode of the two τ leptons. With
a branching fraction of 7.3%, this channel combines a relatively large branching fraction with easy to
reconstruct final states. This analysis delves into final states where at least one of the τ leptons decays
hadronically, that is, τµτh, τeτh, and τhτh. The light leptons and τh candidates must have opposite elec-
tric charges. The τh candidates are reconstructed using the DEEPTAU algorithm [91], an NN method dis-
criminating τh candidates from jets, electrons, and muons. Events are required to have at least two b jets
identified using the DEEPJET algorithm.

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

For each event, all b jet candidates are assigned a score by an NN trained to recognise the H→ bb̄
topology. The two jets with the highest score are selected as the b jets from the Higgs boson decays.
Events with two additional small-radius jets are identified as originating from the VBF process.

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 overlapping small-radius jets
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, t̄tH, t̄t, and Drell–Yan (DY) background events.

All selected events are subject to a selection in the two-dimensional plane of the invariant mass
of the dijet (mbb̄) and ditau (mττ ) systems, where the mττ is reconstructed using the SVFIT algo-
rithm [92]. This selection is optimized separately for the resolved and the boosted categories and does
not apply to the VBF categories.

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

The primary background processes for this search, t̄t, DY, and QCD multijet, are estimated using
control samples from data. The shapes of the t̄t 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 CRs and applied to the simulated events in the SR.
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The QCD multijet process is entirely determined from data in jet-enriched regions where two selec-
tion requirements for the τ pair are inverted. The event yield and shape are obtained in a region where
the τh is not required to be isolated from other tracks. In τh events, only the τh with the lowest pT
is allowed to not be isolated. Next, 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 t̄t background has been scaled.

4.3. HH→ bb̄γγ
The bb̄γγ final state [73] despite the small branching fraction (0.26%), profits from the good mass
resolution of the diphoton system. 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 (mbb̄). The
HH signal can be identified as a peak in the (mγγ , mbb̄) distribution at the value of the Higgs boson
mass. Jets originating from the b quark decay are identified using the DEEPJET algorithm. The back-
ground is dominated by the γγ+jets and γ+jets continuum and is modelled from the data sidebands
of the mγγ and mbb̄ distributions. Other important background sources are the single Higgs boson pro-
duction processes, wherein the Higgs boson decays into a photon pair (H→ γγ). The largest H→ γγ
background is the t̄tH(γγ) process due to the sizable cross-section with the b jets in the final state from
the t̄t decay. The H→ γγ processes are modelled using MC simulations.

Exclusive categories targeting specific HH production modes are defined to maximize the sensitiv-
ity to the signal. The SR targeting the VBF mechanism has requirements on the two additional jets. The
VBF event candidates are classified into two exclusive categories depending on the value of the reduced
four-body mass MX, defined as MX =mbbγγ −mγγ −mbb̄+ 250GeV, where mbbγγ is the four-body
invariant mass of the pairs of photons and b jets. A 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 12 ggF-enriched categories. The number and boundaries of the categories is optimized to
maximize the expected significance of the SM HH signal.

Furthermore, a DNN is trained to separate the HH signal from the t̄tH(γγ) process. The selection of
the DNN output score reduces the t̄tH background by between 80% and 85% and provides an efficiency
between 90% and 95% for the HH signal, depending on the analysis category.

4.4. HH→ bb̄WW
The bb̄WW decay mode has the second largest branching fraction (24.8%) among all HH decay modes.
Two different analyses target the bb̄WW decay channel. The analysis addresses distinct final states and
experimental signatures. The first is a search for the WW→ ℓνqq/2ℓ2ν final state. Higgs boson candi-
dates decaying to b quarks can lead to either resolved or boosted topologies, that is forming two narrow-
radius b jets or one large-radius b jet. The second analysis is a search for WW→ 4q, which is studied
only in boosted topologies. All four jets from the W decays are expected to be overlapped and form one
large-radius jet. The accompanying pair of b jets is also merged into one large-radius jet. Figure 6 illus-
trates the final states of the two analyses.

4.4.1. HH→ bb̄WW,WW→ ℓνqq/2ℓ2ν
Although bb̄WW is the dominant channel in this final state, bb̄ZZ and bb̄ττ 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 analy-
sis [74] considers two final states: single-lepton (1ℓ) bbℓνqq and dilepton (2ℓ) bb2ℓ2ν. The most signifi-
cant background contribution is the t̄t process, whereas other backgrounds include events with misiden-
tified leptons and the DY process and W+jets process for the 2ℓ and 1ℓ 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 1ℓ channel or two isolated leptons of opposite charge in the 2ℓ
channel, originating from the W leptonic decays. The H→ bb̄ system is characterized by two jets. In the
resolved category, these are small-radius jets, and for the signal they are both originating from b quarks.
In event selection, at least one must be classified as a b jet by the DEEPJET algorithm. If the H→ bb̄ sys-
tem is produced with high momentum, the two b jets are Lorentz boosted and can be reconstructed as
a single large-radius jet with substructure. In the 1ℓ case, the events must have at least one additional
small-radius jet present, corresponding to the hadronic W decay.

To avoid event overlap with the bb̄ττ analysis, this analysis vetoes events containing at least one τh
candidate, as defined in [72]. The events are classified using multiclass DNNs, trained separately for the
1ℓ and 2ℓ cases. DNNs are trained using high-level features, such as invariant masses, hadronic activity,
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Figure 6. Illustrations of the resolved topology of the bb̄WW decay channel in the final state with two leptons (upper left) and
one lepton (upper right). The boosted topology of the fully hadronic bb̄WW decay channel (lower).

and the output of a Lorentz-boosted network that performs automated feature engineering using the
four-momenta of selected leptons and jets. The DNN training dataset includes signal samples with SM
and anomalous κλ values to ensure good performance on the full model spectrum.

The multiclass DNNs have different output nodes corresponding to several background processes
and two signal processes: ggF and VBF HH production. 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 accord-
ing to the node with the highest score. The resulting background categories are defined as follows: DY
or W+jets for the 2ℓ or 1ℓ channel, respectively, and t̄t 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 the misidentified leptons is estimated using the misidentification
factor method [93]. In the 2ℓ channel, the DY background is estimated using data. Events with zero b-
tagged jets are weighted by TFs 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 per-
formed using a simultaneous maximum likelihood fit to the distributions of the DNN outputs in the
signal and background event categories.

4.4.2. HH→ bb̄WW,WW→ 4q
The all-hadronic bb̄WW search targets highly Lorentz-boosted pairs of Higgs bosons produced via ggF
and VBF. The bb̄ quark pair is reconstructed as a large-radius jet and all four quarks from the W decays
form another large-radius jet. This analysis focuses primarily on the bb̄WW decays; however, HH decay-
ing into bb̄ZZ in the fully hadronic final state are also included in the signal. The MC samples used for
the modelling of the backgrounds are the same as in [74].

Each Higgs boson can be reconstructed as an AK8 jet. Additional AK4 jets are used to identify the
VBF HH topology, whereas events containing isolated muons or electrons are vetoed. Events have been
selected online using triggers that require high hadronic activity and the presence of AK8 jets.

Offline, two AK8 jets with pT > 300GeV and |η|< 2.4 are required, representing the H→ bb̄ and
H→WW decays. The PARTICLENET algorithm [82] is used to isolate the signal. The H→ bb̄ jets are sep-
arated from the QCD jets using the PARTICLENET [82] discriminant Dbb̄, whereas the H→WW→ 4q
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Figure 7. Distributions of thembb̄reg observable in the ggF (left) and VBF (right) signal regions of the all-hadronic bb̄WW search,
after a maximum likelihood fit of the background and SM HH signal to the data.

jets are identified using an attention-based NN, based on the ‘particle transformer’ (PART) architec-
ture [94, 95]. To enable the background estimation and their calibration, both discriminants are decor-
related from the mass of their respective AK8 jets by training the NNs with jets sampled from a nearly
uniform distribution in mass and pT [85]. Furthermore, the PARTICLENET mass regression mreg [86] is
used to enhance the AK8 jet mass resolution. The bb̄- (WW-) candidate jets are defined as the AK8 jet
with a higher (lower) Dbb̄ score.

The VBF topology comprises two jets in the opposite forward regions of the detector, with large
invariant mass and ∆η. To identify events consistent with this topology, AK4 jets with pT > 25GeV
and |η|< 4.7, which are well separated from the bb̄- (WW-) candidate AK8 jet, are selected. Out of
the selected jets, the two highest pT AK4 jets are considered. The VBF jet candidates, and their invariant
mass and ∆η are used as inputs to a BDT trained to discriminate signals from the QCD multijet and t̄t
backgrounds. Other BDT inputs include the bb̄- and WW-candidate jet kinematics and PART tagger out-
puts. The inputs are selected to optimize the BDT performance without inducing correlations with the
bb̄-candidate jet mass.

The BDT is trained to classify both SM ggF and κ2V = 0 VBF signal events as well as QCD multijet
and t̄t background events. The ‘ggF’ and ‘VBF’ SRs are defined using discriminants, BDTggF and BDTVBF,
built from the output probabilities for the corresponding signal and background classes. Separate BDTs
for the two processes were also tested, and the difference in performance was negligible.

The VBF SR selection comprises thresholds on the Dbb̄ score of the bb̄-candidate jet (Dbb̄bb̄) and
the BDTVBF discriminant. These thresholds correspond to κ2V = 0 VBF signal (background) efficiencies
of 40% (≈0.1%) and 20% (≈0.003%), respectively, and are selected to minimize the expected upper
limit on the κ2V = 0 VBF signal. Likewise, the ggF SR selection vetoes events in VBF SR and comprises
thresholds on Dbb̄bb̄ and BDTggF, corresponding to ggF signal (background) efficiencies of 60% (≈0.3%)
and 7% (≈0.01%), respectively. The dominant uncertainty in the BDT signal efficiency is related to the
PART tagger calibration [96], which applies data/MC scale factors to the primary Lund jet plane [97]
densities of each quark subjet.

The search is performed on the two SRs using a one-dimensional likelihood model binned in the
mreg of the bb̄-candidate jet (mbb̄reg). The background in these regions is dominated by QCD multi-
jet events. It is estimated through data in a QCD multijet CR defined by inverting the Dbb̄ selection.
The QCD multijet yield in the SRs is estimated to be the product of data in the fail region and polyno-
mial TFs [87–89]. The t̄t,V+jets, and other minor backgrounds are estimated using MC simulations and
their systematic and statistical uncertainties are incorporated in the final statistical analysis. The result-
ing mbb̄reg in the SRs, after a maximum likelihood fit to the data of the background model and SM HH
signal, are shown in figure 7.
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4.5. HH→ multilepton
The HH multilepton analysis [75] focuses on HH decays into the 4W, 2W2τ , and 4τ channels. 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 candidates are reconstructed using a set of special ID crite-
ria originally developed for the CMS t̄tH multilepton analysis [98]. These IDs are customised for the use
of the misidentification factor method [93] applied for the estimation of the background with misiden-
tified lepton or τh candidates from control samples in data. For electrons and muons, these two IDs also
use a specialised multivariate analysis specifically trained to recognise genuine leptons that originate from
vector boson and τ lepton decays. All categories veto events containing at least one b jet are identified
with the medium WP of the DEEPJET algorithm. Next, events containing at least two b jets are 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 reduces contributions from top quark–
related backgrounds, such as t̄t, making this analysis orthogonal to the HH analyses requiring b jets.

The events are split into seven mutually exclusive event categories, with final states containing mul-
tiple leptons ℓ(µ, e) or hadronically decaying τ leptons (τh): 2ℓ with the same electric charge (SS), 3ℓ,
4ℓ, 3ℓ+ 1τh, 2ℓ+ 2τh, 1ℓ+ 3τh, and 4τh. All categories require a specified number of final-state light
leptons and τh. The 2ℓ SS and 3ℓ categories additionally require the presence of jets originating from
hadronic W boson decays. The primary background in most categories is provided by events containing
misidentified ℓ or τh candidates. All categories also contain sizable contributions from genuine multi-
boson backgrounds from ZZ and WZ decays. As a result, two kinematic distributions in WZ and ZZ
CRs are included in the fit. The categories are constructed by inverting the Z boson veto into the 3ℓ and
4ℓ categories, respectively. The inclusion of these two CRs helps to constrain the two primary diboson
backgrounds, as well as the corresponding systematic uncertainties.

The analysis uses a parameterized BDT tuning the sensitivity to the SM and to the EFT benchmark
set JHEP04(2016)126 described in section 3. The maximum likelihood fit for the signal extraction is per-
formed simultaneously on the seven event categories. 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.

4.6. HH→ ττγγ

The search for HH production in the ττγγ final state aims to cover both the hadronic and leptonic
decay modes of the τ lepton. Despite the small HH→ ττγγ branching fraction in the SM (2.85× 10−4),
the diphoton pair offers a clean experimental signature to trigger on with a good mass resolution,
whereas the additional tau leptons in the event help to further isolate signals from the background. The
goal of the search is the nonresonant HH production via ggF. The VBF production is not considered in
this analysis.

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. In the case where more than
one candidate exists, the candidate with the highest scalar pT sum of photons is selected.

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 following 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 an Z→ ℓℓ or Z→ ℓℓγ decay are rejected.

A BDT classifier is used to further isolate events with signal-like characteristics from the background.
Hadronic jets in the event are only used in the BDT to reject backgrounds like t̄t. To reduce the prob-
ability of creating an artificially peaking structure, mγγ is not included as an input feature to the BDT.
The pT of the photon candidates are divided by mγγ to reduce correlations 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 selected to maximize the signal sensitivity.

The mγγ distribution is used in the maximum likelihood fit for each event category. The smoothly
falling background (continuum) is modelled directly from the data. The signal and the single Higgs
boson production, which have a resonant background, are modelled using simulations.

4.7. HH→ bb̄ZZ
This analysis [77] focuses on ggF HH production where one Higgs boson decays to a bb̄ pair, while the
other decays to a ZZ pair resulting in a 4ℓ final state. The 4ℓ decay channel provides a clean signature
despite the small branching fraction, which is partially compensated by the high branching fraction of
the bb̄ decay channel. The final state comprises two jets and two pairs of oppositely charged isolated
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electrons or muons. The 4ℓ SR is defined by requiring that the four-lepton invariant mass m(4ℓ) is
within the Higgs boson mass window, whereas events with m(4ℓ) outside this range comprise the 4ℓ CR.

The dominant Z+X background is characterized by nonprompt and misidentified leptons, primarily
from decays of heavy-flavour hadrons, misidentified jets, and electrons from photon conversions. The
Z+X background is estimated from data CR, and the probabilities of a light lepton to be misidentified.
The main contributions to the systematic uncertainty in the reducible background estimation are the
limited sizes of the CR and the samples used to estimate the misidentification rates. Uncertainties related
to the difference in composition between the SR and the misidentification rate estimation sample are
also considered.

The BDT is trained using MC simulated events in the 4ℓ SR to further discriminate the ggF HH sig-
nal process from all background processes. The BDT output distribution is fit to constrain the parame-
ters of interest.

4.8. HH→WWγγ

This analysis examines three WW decay modes: semileptonic (1ℓ), fully hadronic, and fully leptonic (2ℓ)
decays. Events are selected using double-photon triggers with thresholds on the leading (subleading)
photon pT of p

γ
T > 30 (18) GeV for the data collected during 2016 and pγT > 30 (22) GeV for 2017 and

2018. The MC samples used in this analysis are the same as the ones used in the bb̄γγ analysis [73].
The continuum background is modelled from the data using the mγγ distribution. The single Higgs
boson background is modelled using simulated samples.

A BDT classifier is trained for photon-jet separation, resulting in a photon ID score. Jets from the
hadronization 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 1ℓ channel if it has exactly one lepton, and to the 2ℓ channel if it has two
leptons. Each channel requires a diphoton candidate, which is defined as a pair of two photons.

The 1ℓ channel uses a multiclassifier DNN to differentiate between signal, single Higgs boson, and
background events, as shown in figure 8, upper left.

The bb̄γγ signal contaminates the WWγγ phase space in the fully hadronic channel. As a result, two
binary classifiers are used for the fully hadronic channel, one acting as a bb̄γγ discriminator and the
other distinguishing between signal and background events. The latter is shown in figure 8, upper right.
A specific challenge in the fully hadronic channel is differentiating between the ZZγγ and the WWγγ
signal processes due to the identical experimental signatures of the hadronic Z and W decays. There are
residual bb̄γγ events that pass the WWγγ event selection but are not favoured by the bb̄γγ analysis due
to low bb̄γγ discriminator scores. Therefore, the combination of WWγγ, ZZγγ, and residual bb̄γγ pro-
cesses is considered signal in this analysis. Finally, due to 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 2ℓ channel. The diphoton invariant mass distribution is used for the signal extraction across all
channels. The signal-plus-background and background-only fits for all channels weighted by S/(S+B)
are shown in figure 8, lower portion.

5. Systematic uncertainties

Hundreds of systematic uncertainties are considered, affecting HH signal and background processes’
yields (i.e. normalization uncertainties) and/or shapes (i.e. shape uncertainties). Systematic uncertain-
ties are introduced as nuisance parameters in the maximum likelihood fit used to extract the results.
Common uncertainties among different analyses are fully correlated, whereas others specific to each
analysis are treated as uncorrelated. The uncertainties with the biggest impact (20%–23%) are the ones
affecting the background in bb̄bb̄ and bb̄ττ analyses and the uncertainty in the theoretical prediction of
the HH production cross-section.

5.1. Theoretical uncertainties
Theoretical uncertainties on the renormalization and factorization scale, strong coupling constant αS,
and PDFs affecting the cross-section of all the simulated processes are included. Other uncertainties con-
sidered concern EW corrections for the t̄tZ, t̄tW, qq̄ZZ, and ggZZ processes. Theoretical uncertainties
in the Higgs boson branching fractions [99] are applied to both the HH signal and single-Higgs back-
grounds. The assigned uncertainties are 1.2% for H→ bb̄, 1.5% for H→WW and H→ ZZ, 2.1% for
H→ γγ, and 1.6% for H→ ττ . These uncertainties are treated as correlated across all channels. The

13



J. Phys. G: Nucl. Part. Phys. 53 (2026) 095001 The CMS Collaboration

Figure 8. The distributions of DNN scores for the signal and main backgrounds in the 1ℓ (upper left) and fully hadronic (upper
right) channels of the WWγγ analysis. The signal-plus-background (red), single H plus continuum background (blue), and
continuum background (dashed black) fits for all channels weighted by S/(S+ B) (lower).

uncertainty in the rate of Higgs boson production associated with heavy-flavour jets is assumed to be
50% [100].

Theoretical uncertainties on the nonresonant HH cross-section via ggF are applied as a function of
κλ and include a combination of uncertainties in the renormalization and factorization scales, as well
as the uncertainty in the top quark mass. In the SM case when κλ = 1, this combined uncertainty cor-
responds to −23%/+6%. The PDF uncertainty is 3% [101]. Uncertainties for VBF production include
+0.03%/−0.04% (scales) and 2.1% (PDF+αS) [61, 102]. An additional scale uncertainty is applied to
the bb̄ττ , bb̄WW, and multilepton analyses related to PYTHIA and the colour-correlated recoil effect.
This effect was found to be negligible in other analyses.

Some analyses suffer from a significant t̄t background contribution (bb̄WW, multilepton, and bb̄ττ )
and a shape uncertainty that corresponds to the NNLO correction on the top quark pT is applied to the
t̄t simulated samples [103]. The bb̄WW and multilepton analyses include additional uncertainties on the
parton shower initial- and final-state radiation for background processes, on the top quark mass for the
t̄t background, as well as renormalization and factorization scale uncertainties for t̄t and single top quark
production.

5.2. Experimental uncertainties
The integrated luminosities for 2016, 2017, and 2018 data-taking years have demonstrated 1.2%–2.5%
uncertainty per year [104–106], whereas the overall uncertainty for the 2016–2018 period is 1.6%. The
number of pppp interactions is calculated from the instantaneous luminosity and an estimated inelastic
pppp collision cross-section with 4.6% uncertainty [107]. An uncertainty in the shape of the distribution
of the mean number of pppp interactions per bunch crossing (pileup) is also applied to all simulated
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samples. The trigger selection efficiency is corrected in each analysis to account for the differences
between the data and simulation, and a corresponding uncertainty is applied.

When ID criteria are applied to muons, electrons, and τh candidates, the ID efficiencies in the sim-
ulated samples are corrected to match those in the 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 ID efficiency are also considered.

Similarly, the uncertainties in the efficiency of the jet selection criteria in simulations are considered
as uncertainties in the shape of the kinematic distributions. Nuisance parameters that affect the shape of
the jet flavour discriminant are also included. Different types of flavour contamination 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 pmissT is relevant, uncertainties related to the unclustered
energy reconstruction efficiency are considered as correlated uncertainties in pmissT distribution shapes in
simulated samples.

During data collection in 2016 and 2017, a gradual change in the timing of the ECAL first-level trig-
ger inputs in the region with |η|> 2.0 caused a specific trigger inefficiency. For events containing an
electron (jet) with pT ≳ 50 (100) GeV in the region 2.5< |η|< 3.0, the efficiency loss is approximately
10%–20%, depending on pT, η, and time. Correction factors are computed from the data and applied to
the acceptance evaluated from simulations. In addition, a normalization uncertainty is included in the
global maximum likelihood fit, described in section 6.

A correction factor is applied to simulated data for the 2018 era to account for two HCAL mod-
ules being switched off, and an associated shape uncertainty is introduced that is treated as correlated
among most analyses. Analyses that perform data-driven background estimation methods include dedi-
cated uncertainties, which are treated as uncorrelated.

Finally, uncertainties from the limited number of simulated events are considered using the Barlow–
Beeston approach [108]. 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

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∆ ln(L) [109, 110] and the CLs [111, 112] criterion. Generally, the test statistic is defined as

−2∆ ln(L)≡−2 ln

L
(
µ⃗, ˆ⃗ν (µ⃗)

)
L
(
ˆ⃗µ, ˆ⃗ν

)
 , (3)

where L is the combined likelihood function, µ⃗ are the parameters of interest, such as signal strengths
or coupling modifiers, ˆ⃗µ are the best fit values of µ⃗, ˆ⃗ν(µ⃗) is the maximum likelihood estimator of the
nuisance parameters for a given set of values of µ⃗, and ˆ⃗ν is the global maximum likelihood estimator of
the nuisance parameters for the best fit values of µ⃗. In general, confidence intervals at 68% (95%) CL
are derived by finding the values of the parameters of interest for which the test statistic is less than 1
(3.84), following Wilks’ theorem [113]. However, due to the quadratic dependence of the expected yields
on the values of the coupling modifiers, the corresponding intervals may undercover or overcover the
true values [114, 115]. For comparison, constraints on the coupling modifiers are also computed by per-
forming a scan of the 95% CL upper limit on the signal strength of HH production while varying the
coupling modifier of interest, as reported in table 4. The results of the different analyses described in
this paper have been statistically combined in a global maximum likelihood fit. The HEFT parametriza-
tion is used to provide constraints on a number of different BSM scenarios. In all cases, expected lim-
its are derived under the background-only hypothesis. The results have been determined using the
CMS statistical analysis tool COMBINE [116], which is based on the ROOFIT [117] and ROOSTATS [118]
frameworks.

An upper limit at 95% CL on the inclusive HH production cross-section is observed (expected) to be
3.5 (2.5) times the SM prediction, whereas the equivalent upper limit for the VBF alone is 79 (91) times
the SM prediction. The limits on the HH cross-section divided by the SM prediction, that is the signal
strength µ, for each contributing channel and their combination are shown in figures 9 and 10 for the
inclusive and VBF cases, respectively.
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Figure 9. The upper limits at 95% CL on the inclusive signal strength µ= σHH/σSMHH for each channel and their combination.
The inner (green) and outer (yellow) bands indicate the 68 and 95% CL intervals, respectively, under the background-only
hypothesis. The individual contributions within the bb̄bb̄ and bb̄WW channels have been combined to simplify the presenta-
tion of results.

Figure 10. The upper limits at 95% CL on the VBF signal strength µVBFHH = σVBFHH/σSMVBFHH for each channel and their com-
bination. The inner (green) and outer (yellow) bands indicate the 68 and 95% CL intervals, respectively, under the background-
only hypothesis. The five contributing channels are indicated in the figure. The individual contributions within the bb̄bb̄ and
bb̄WW channels have been combined to simplify the presentation of results.

The −2∆ ln(L) scans as a function of κλ and κ2V is shown in figure 11. Besides the ones varied as
shown, all other couplings are set to the values expected by the SM. All eight channels are included in
the combination. The best fit value of κλ is found to be 1.51 and κλ is constrained at 68% CL to be
within −0.07 and 4.18, whereas the expected constraint is from −0.87 to 6.31. At 95% CL, κλ is con-
strained to be within −1.35 to 6.37, with an expected constraint of −2.24 to 7.89.

For κ2V, the best fit value is at 1.02, the 68% CL interval is from 0.81 to 1.23 (0.77—to
1.26 expected), and the 95% CL interval is from 0.64 to 1.40 (0.62—to 1.41 expected). The value of
κ2V = 0 is excluded with a significance of 6.6 standard deviations. This level of significance marks a deci-
sive step in establishing the presence of quartic Higgs-vector boson interactions in nature.

In figure 12, the upper limits at 95% CL on the HH cross-section are shown to be functions of κλ

(left) and κ2V (right), respectively. We exclude HH production at 95% CL, meaning a 95% CL upper
limit on the inclusive HH signal strength µ < 1, for values of κλ outside the range from −1.39 to 7.02.
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Figure 11. The−2∆ ln(L) scan as functions of coupling modifiers κλ (left) and κ2V (right) for the combination of all channels
when all the other parameters are fixed to their SM values.

Figure 12. The 95% CL upper limits on the inclusive HH cross-section as functions of κλ (left) and κ2V (right). All other cou-
plings are set to the values predicted by the SM. The theoretical uncertainties in the ggF and VBF HH 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.

Table 4. Summary of results on constraints to the coupling modifiers κλ and κ2V. The ranges are either extracted using
either the−2∆ ln(L) scan at 68% and 95% CL, or upper limits on the signal strength µ at 95% CL. The theoretical
uncertainties in the ggF and VBF HH signal cross-sections are considered in all the results tabulated here.

Method κλ observed (expected) κ2V observed (expected)

−2∆ ln(L) scan, 68% CL [−0.07, 4.18] ([−0.87, 6.31]) [0.81, 1.23] ([0.77, 1.26])

−2∆ ln(L) scan, 95% CL [−1.35, 6.35] ([−2.24, 7.89]) [0.64, 1.40] ([0.62, 1.41])

Limits on µ, 95% CL [−1.39, 7.02] ([−1.02, 7.19]) [0.62, 1.42] ([0.69, 1.35])

Similarly, we exclude HH production at 95% CL for values of the κ2V coupling modifier outside the
range from 0.62 to 1.42, with the expected range from 0.69 to 1.35.

A summary of the constraints on the coupling modifiers κλ and κ2V is provided in table 4.
Figure 13 shows 68% and 95% CL contours of −2∆ ln(L) in the (κλ, κ2V), (κV, κ2V), and (κλ, κt)

planes for the combination of all contributing channels. In the (κλ, κ2V) and (κV, κ2V) planes, the five
standard deviation CL contours are also shown. All the other parameters, besides the ones scanned, are
set to the values expected by the SM. The value of κ2V = 0 is excluded at a CL of more than five stan-
dard deviations, for every value of κλ, adding to the robustness of this exclusion. No significant devia-
tion from the SM is observed.

Beyond varying κλ, κ2V, κV, and κt, we interpret the data in terms of couplings that are not pre-
dicted in the SM, namely c2, cg, and c2g. All BSM interpretations studied in this paper only alter the ggF
production, whereas the VBF production is assumed to be as predicted by the SM. The channels con-
tributing to the BSM interpretations are bb̄γγ, bb̄bb̄ boosted and resolved, bb̄ττ , bb̄WW, multilepton,
WWγγ, and ττγγ.

First, we interpret the results in the context of two sets of benchmarks, JHEP04(2016)126 [51]
and JHEP03(2020)091 [52], combinations of the coupling modifiers (κλ,κt,c2,cg,c2g) as described in

17



J. Phys. G: Nucl. Part. Phys. 53 (2026) 095001 The CMS Collaboration

Figure 13. The 68% and 95% CL contours of−2∆ ln(L) in the (κλ, κ2V) (upper left), (κV, κ2V) (upper right), and (κλ, κt)
(lower) planes for the combination of all channels when all the other parameters are fixed to their SM values. In the (κλ, κ2V)
and (κV, κ2V) planes, the five standard deviation CL contours are also shown.

Figure 14. The upper limits at 95% CL on the HH production cross-section for the two sets of HEFT benchmarks. The theoreti-
cal uncertainties in the ggF HH signal cross-section are not considered since we directly constrain the measured cross-section.

section 3. The ττγγ channel only contributes to the results for the benchmarks JHEP04(2016)126,
whereas the rest of the channels contributes towards both sets. The upper limits on the HH cross-section
at 95% CL are shown in figure 14. No significant deviations from expectations are observed, but there is
an overall excess in all benchmarks, between 68% and 95% CL, consistent with excesses observed in the
most sensitive channels, namely bb̄γγ and bb̄bb̄ especially in the boosted topology, visible in figure 9.

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. Figure 15 depicts
the −2∆ ln(L) scan for c2 on the left and the upper limits on the HH cross-section as a function of c2
on the right. For c2, the best fit to the data is found to be 0.40, the 68% CL interval is from 0.20 to
0.52 (−0.15–0.42 expected), and the 95% CL interval is from −0.29 to 0.63 (−0.27–0.56 expected).
Considering the theoretical uncertainties in the ggF and VBF HH 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
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Figure 15. The upper limits at 95% CL on the HH cross-section as a function of the c2 coupling modifier (left). The theoretical
uncertainties in the ggF HH signal cross-section are not considered since we directly constrain the measured cross-section. The
−2∆ ln(L) scan as a function of the c2 coupling modifier (right).

Figure 16. The 68% and 95% CL contours of−2∆ ln(L) in the (c2,κt) (left) and (c2,κλ) (right) planes for the combination of
all channels when all the other parameters are fixed to their SM values.

range is from −0.17 to 0.47. Figure 16 shows the two-dimensional contours of −2∆ ln(L) in the (c2, κλ)
and (c2, κt) planes for the combination of all contributing channels.

The data are further interpreted in the context of several UV complete models, exploiting the HEFT
parametrization described in section 3. Experimental constraints on the parameters that characterize
each model are extracted using a mapping between κλ, κt, and c2 and the specific model parameters.

The simplest extensions of the SM Higgs sector, are models with the addition of a single new scalar
Φ with couplings to the Higgs doublet [6, 7]. In the following, we consider the cases where the Z2 sym-
metry of the resulting potential V(Φ,H) is either explicitly or spontaneously broken. In the explicit case,
the modifications of the Higgs boson interactions can be written in terms of α, the mixing angle of the
new scalar with the Higgs doublet, m2, the coefficient of the triple singlet coupling, and λα the coef-
ficient of the biquadratic term between the scalar and Higgs potentials. In the spontaneously broken
symmetry case, the modifications depend only on α. Figure 17 shows the −2∆ ln(L) scan as a func-
tion of cosα and the 95% CL contour in the (cosα, λeff) plane, where λeff = λα − tan(α)m2ν , for singlet
extensions of the SM with both explicit and spontaneous Z2 symmetry breaking. For the spontaneous
case, the allowed range of cosα at 68% CL is from 0.92 to 1 (expected: 0.86 to 1) and at 95% CL is
from 0.79 to 1 (expected: 0.82 to 1). The strongest constraints come from the bb̄ττ and bb̄bb̄ boosted
channels.

In the 2HDM, additional bosons arise from the introduction of a second complex Higgs doublet that
mixes with the SM Higgs doublet [8–11]. Four cases are considered, based on which of the two doublets
the SM fermions couple to. For ‘Type-I,’ the charged fermions only couple to the second doublet. For
‘Type-II,’ up- and down-type fermions couple to different doublets. In ‘Type-X,’ charged leptons cou-
ple to the first doublet and both up- and down- type quarks couple to the second doublet. Finally for
‘Type-Y,’ up-type quarks and charged leptons couple to the second doublet, whereas down-type quarks
couple to the first. Based on the mixing of the two doublets, five scalar bosons arise: a CP-even scalar H,
a CP-odd scalar A (both of which are usually heavy), a light SM-like Higgs boson h, and two charged
Higgs bosons H±. The model is characterized by the masses of these five bosons, the mixing angle of the
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Figure 17. The−2∆ ln(L) scan for the combination of all channels as a function of cosα for singlet extensions of the SM with
spontaneous Z2 symmetry breaking (left). The cosα is constrained at 95% CL from 0.79 to 1. The 95% CL contour of−2∆ ln(L)
in the (cosα, λeff) plane (right), where λeff = λα − tan(α)m2

ν
The ranges of cosα and λeff are selected to ensure the validity of

the models. The excluded regions are below and to the left of the curves shown.

Figure 18. The 95% CL contour of−2∆ ln(L) for the combination of all channels in the (mH, tanβ) plane for a fixed value of
|cos(β−α)|= 0.2 in the 2HDM-I model (left) and the four considered 2HDMmodels (right). In these and all other cases
considered in this paper,mH = mA. The ranges ofmH and tanβ are selected to ensure the validity of the models. The excluded
regions are below the curves shown. The value tanβ = 0.5 is excluded formH > 800GeV for all the models considered.

CP-even Higgs fields α, the ratio of the vacuum expectation values in the two associated Higgs potentials
tanβ = ν2

ν1
and the mass mixing parameter m12. The masses of the heavy scalars H and A are considered

to be equal and noted as mA.
Figures 18 and 19 show the results of the combination in the (mH, tanβ) and (|cos(β−α)|, tanβ)

planes, respectively. On the left are the observed and expected 95% CL contours for the 2HDM-I case,
whereas the right shows the observed contours in all 2HDM cases. The excluded regions are below the
curves shown. The results are derived under the assumption that we are not sensitive to the direct fea-
tures of the resonant signal and that the interference effects between the resonant and nonresonant sig-
nals are negligible. Therefore, no interference effects are considered in this study.

Another simple extension of the SM is the minimal composite Higgs model (MCHM) [12–15]. Two
cases are studied, MCHM4 and MCHM5, where the SM fermions either transform as spinors or as fun-
damental representations of the underlying SO(5) symmetry. These models are characterized by the
compactness parameter ξ = (νf )

2 with ν being the vacuum expectation value and f the strong dynam-
ics scale.

Figure 20 shows the observed and expected −2∆ ln(L) scan as a function of ξ for MCHM4 and
MCHM5. For MCHM4, the best fit is ξ = 0.0, whereas the observed (expected) 68% and 95% CL ranges
are found to be from 0 to 0.18 (0 to 0.35) and 0 to 0.45 (0 to 0.55), respectively. The strongest con-
straints come from the WWγγ and bb̄WW channels. Likewise, for MCHM5, the best fit is ξ = 0.05. In
contrast, the observed (expected) 68% and 95% CL ranges are found to be from 0 to 0.15 (0 to 0.13)
and 0 to 0.26 (0 to 0.21), respectively. In this case, the strongest constraints come from the multilepton
and WWγγ channels.
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Figure 19. The 95% CL contour of−2∆ ln(L) for the combination of all channels in the (cos(β−α), tanβ) plane for a fixed
value ofmH = 1000GeV in the 2HDM-I model (left) and the four considered 2HDMmodels (right). In these and all other cases
considered in this paper,mH = mA. The ranges of cos(β−α) and tanβ are selected to guarantee the validity of the model. The
excluded regions are below the curves shown. The value tanβ = 0.5 is excluded for cos(β−α)> 0.16 and cos(β−α)<−0.13
for all models considered.

Figure 20. The−2∆ ln(L) scan for the combination of all channels as a function of ξ for MCHM4 (left) and MCHM5 (right).
The range of ξ is chosen to guarantee the validity of the model. At 95% CL, ξ is constrained to be between 0 and 0.45 in MCHM4

and 0 and 0.26 in MCHM5.

7. Projections for the High-Luminosity LHC (HL–LHC)

To further probe the SM, with particular interest in the Higgs boson self-coupling, the HL–LHC [119]
operation is currently scheduled to begin in 2030. An integrated luminosity of up to 3000 fb−1 is
expected to be collected over the anticipated 10 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, that is 300, 1000, 2000, and
3000 fb−1 to track the evolution during data collection. In the projection studies, only the bb̄γγ, bb̄ττ ,
bb̄bb̄, multilepton, and bb̄WW 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 in the HL–LHC follows the same strategy used in previous
projections of Higgs boson searches and measurements [24]. For projections to a certain integrated
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 in 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 ID is assumed to be the same as in
Run 2. The same assumption is made regarding the experimental energy and momentum resolution of
the physics objects. This is based on the premise that the upgraded CMS detector will ensure perfor-
mance comparable to Run 2 despite the larger pileup and radiation damage to the detector components.

The exact nature and size of the systematic uncertainties in CMS during the HL–LHC are unknown.
Therefore, we derive projections for three different scenarios with systematic uncertainties:
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Table 5. Treatment of most important common systematic uncertainties in the S2 scenario.

Uncertainty Scaling with respect to Run 2

Theoretical uncertainties 1/2

Stat. uncertainties in MC simulation Removed

b-tagging efficiency stat. component 1/
√
kL

b-tagging efficiency (nonstat. component) Unchanged

AK4 jet absolute energy scale max(0.3,1/
√
kL)

AK4 jet energy scale dependence on flavour max(0.5,1/
√
kL)

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

AK4 jet energy scale method 1/
√
kL

AK4 jet energy resolution max(0.5,1/
√
kL)

EmissT max(0.5,1/
√
kL)

Luminosity 0.6

τh ID Unchanged

τh energy scale Unchanged

Pileup Unchanged

Run-2 issues Removed

• ‘S1’: The systematic uncertainties are assumed to be at the same level as in Run 2.

• ‘S2’: The systematic uncertainties with a statistical origin, for example, statistical uncertainties in the
data/MC scale factors are reduced by a factor

√
kL, until ‘floor’ values are reached. The ‘floor’ val-

ues prevent uncertainties from becoming unreasonably small and are based on studies in [24]. The
theoretical uncertainties in the signal and background cross-sections are halved to account for the
expected progress in the theoretical calculations throughout the next years. The uncertainties origi-
nating from the limited size of the MC samples are also removed under the assumption of very large
MC datasets.

• ‘stat. only’: No systematic uncertainties are considered in the fit.

It should be noted that the systematic uncertainties related to specific detector 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 5.
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 figure 21. We
become sensitive to SM HH production at 95% CL 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 sys-
tematic uncertainty scenarios are shown in the right panel of figure 21.

The projected κλ likelihood scans are shown in figure 22. In the S2 scenario, the expected 1 standard
deviation uncertainty on κλ is +80%/−60% and +60%/−50% for an integrated luminosity of 2000 and
3000 fb−1, respectively.

The expected significance of the HH signal strength assuming the SM values for all parameters is
summarized in table 6. Before the end of the HL-LHC, the CMS experiment will have evidence for
HH production with a significance of 3.5 standard deviations for 2000 fb−1 in the nominal systematic
uncertainty scenario and assuming that the signal is SM-like. The left side of figure 23 shows the signif-
icance that can be achieved for the SM signal as a function of the integrated luminosity. On the right,
the significance is shown to be 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 also the HH signal acceptance rate. In particular, for κλ < 1 and κλ > 5, the destructive
interference is reduced, leading to an enhancement of the cross-section relative to the SM expectation.
In these regimes, evidence for the HH process can be established with smaller datasets compared to the
SM case. The HH signal is suppressed for 1< κλ < 5, and the significance will be lower than expected,
with minimum significance at κλ = 3.4. The projections presented here do not consider the potential
improvements in triggering [120, 121], object reconstruction and selection such as b tagging or analy-
sis techniques. Historically, advancements in software and analysis methods have allowed us to exceed
expectations; therefore, the projections shown in this paper are most likely conservative. Results from
Run 3 will also add valuable information regarding the potential improvements for measuring the HH
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Figure 21. The expected upper limits at 95% CL on the HH signal strength from the combination of all the considered chan-
nels projected to different integrated luminosities (left), and under different assumptions on the systematic uncertainties for an
integrated luminosity of 3000 fb−1 (right).

Figure 22. The expected−2∆ ln(L) scan as a function of coupling modifier κλ for the combination of all contributing chan-
nels, projected to different integrated luminosities (left), and under different assumptions on the systematic uncertainties for an
integrated luminosity of 3000 fb−1 (right). All other parameters are fixed to their SM values.

Table 6. 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

bb̄bb̄ resolved jets 1.0 1.4 1.2 1.7

bb̄bb̄ merged jets 1.8 1.9 2.2 2.3

bb̄ττ 1.9 2.1 2.4 2.6

bb̄γγ 2.0 2.0 2.4 2.5

bb̄WW 0.3 0.8 0.3 1.0

HH multilepton 0.4 0.6 0.5 0.8

Combination 3.5 3.9 4.2 4.8

process. If the trend of improvement continues, the observation of HH production by the end of the
HL–LHC is within reach.

8. Summary

A combined search for nonresonant Higgs boson pair (HH) production was performed using the
proton–proton collision dataset produced by the LHC at

√
s= 13TeV, and collected using the CMS

experiment 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 VBF production were conducted in the bb̄γγ,
bb̄ττ , bb̄bb̄, bb̄WW, and multilepton channels. In addition, searches for ggF HH production were con-
ducted in the bb̄ZZ (with both Z bosons decaying to leptons), WWγγ, and ττγγ final states, which
have clean signatures but relatively small branching fractions. We searched for the associated produc-
tion mechanism with a vector boson in the bb̄bb̄ final state, which has the largest branching fraction.
The analyses of these channels were combined to probe the Higgs boson trilinear self-coupling and the
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Figure 23. The expected signal significance as a function of integrated luminosity under different assumptions on the systematic
uncertainties (left). The expected signal significance as a function of κλ under different assumptions on the systematic uncer-
tainties for an integrated luminosity of 3000 fb−1 (right).

quartic coupling between two vector bosons and two Higgs bosons (VVHH) and to search for beyond
the SM physics scenarios in the HEFT approach.

The observed and expected upper limits at 95% CL on the cross-section of ggF HH production were
found to be 3.5 and 2.5 times the SM expectation, respectively. For the VBF production, the observed
and expected 95% CL upper limits are 79 and 91 times the SM expectation, respectively. When all other
parameters are set to their SM values, we constrain the Higgs boson trilinear self-coupling modifier κλ

in the range from −1.35 to 6.37 at 95% CL (the expected 95% CL range is −2.24 to 7.89). Likewise, the
VVHH coupling modifier κ2V is constrained in the range from 0.64 to 1.40 (0.62 to 1.41 expected).

Two-dimensional measurements were 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 SM
predictions.

Under the HEFT framework, the cross-section of the nonresonant ggF HH pair production is
parametrized as a function of the anomalous couplings of the Higgs boson, involving the contact inter-
actions 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 benchmark signals under different anomalous
coupling scenarios and set upper limits on their cross-sections at 95% CL. We exclude HH production at
95% CL when the coupling modifier of the contact interaction between two Higgs bosons and two top
quarks is outside the range from −0.28 to 0.59 (expected 95% CL range is −0.17 to 0.47). The HEFT
parametrization is also exploited to study various UV complete models with an extended Higgs sector
and set constraints on specific parameters.

These results constitute the most stringent limits and constraints obtained from the searches for non-
resonant HH production using the LHC Run-2 dataset collected by the CMS experiment. Extrapolating
our current results in the integrated luminosity anticipated of HL–LHC, we expect to see the first evi-
dence for HH production with ≈2000 fb−1 of data.
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University of Virginia, Charlottesville, Virginia, USA

S Bhattacharya, P E Karchin
Wayne State University, Detroit, Michigan, USA

A Aravind, S Banerjee, K Black, T Bose, E Chavez, S Dasu, P Everaerts, C Galloni,
H He, M Herndon, A Herve, C K Koraka, S Lomte, R Loveless, A Mallampalli,
A Mohammadi, S Mondal, T Nelson, G Parida, L Pétré, D Pinna, A Savin, V Shang,
V Sharma, WH Smith, D Teague, H F Tsoi, W Vetens, AWarden
University of Wisconsin - Madison, Madison, Wisconsin, USA

S Afanasiev, V Alexakhin, Yu. Andreev, T Aushev, D Budkouski, R Chistov, M Danilov,
T Dimova, A Ershov, S Gninenko, I Gorbunov, A Gribushin, A Kamenev, V Karjavine,
M Kirsanov, V Klyukhin, O Kodolova93, V Korenkov, I Korsakov, A Kozyrev, N Krasnikov,
A Lanev, A Malakhov, VMatveev, A Nikitenko94,93, V Palichik, V Perelygin,
S Petrushanko, S Polikarpov, O Radchenko, M Savina, V Shalaev, S Shmatov, S Shulha,
Y Skovpen, K Slizhevskiy, V Smirnov, O Teryaev, I Tlisova, A Toropin, N Voytishin,
A Zarubin, I Zhizhin
Authors affiliated with an international laboratory covered by a cooperation agreement with CERN

E Boos, V Bunichev, M Dubinin84, V Savrin, A Snigirev, L Dudko, V Kim22, VMurzin,
V Oreshkin, D Sosnov
Authors affiliated with an institute formerly covered by a cooperation agreement with CERN

39

https://orcid.org/0000-0001-5367-1738
https://orcid.org/0000-0001-7740-5637
https://orcid.org/0000-0002-6526-8257
https://orcid.org/0000-0001-7492-3201
https://orcid.org/0000-0002-9770-1377
https://orcid.org/0000-0002-6976-4637
https://orcid.org/0000-0003-2856-9090
https://orcid.org/0000-0002-0793-5664
https://orcid.org/0000-0001-7849-8863
https://orcid.org/0000-0003-4136-3409
https://orcid.org/0009-0001-8169-1020
https://orcid.org/0000-0001-6612-432X
https://orcid.org/0000-0002-3572-5701
https://orcid.org/0009-0000-5597-5153
https://orcid.org/0009-0009-4040-7407
https://orcid.org/0000-0001-6794-3079
https://orcid.org/0000-0002-9595-2623
https://orcid.org/0000-0002-6812-761X
https://orcid.org/0000-0003-0409-0341
https://orcid.org/0000-0002-5508-1827
https://orcid.org/0000-0002-7852-167X
https://orcid.org/0000-0002-1407-1972
https://orcid.org/0000-0002-2968-6259
https://orcid.org/0000-0001-7640-5264
https://orcid.org/0009-0001-3714-2489
https://orcid.org/0000-0001-6743-3781
https://orcid.org/0000-0002-3932-0605
https://orcid.org/0000-0002-5168-2932
https://orcid.org/0000-0001-6315-905X
https://orcid.org/0000-0001-6283-4316
https://orcid.org/0000-0002-6625-8085
https://orcid.org/0000-0002-4871-5449
https://orcid.org/0000-0002-3584-7856
https://orcid.org/0000-0002-1494-258X
https://orcid.org/0000-0003-2497-1242
https://orcid.org/0000-0001-5998-4348
https://orcid.org/0000-0003-0408-7636
https://orcid.org/0000-0002-7366-8090
https://orcid.org/0000-0003-0228-9760
https://orcid.org/0000-0002-2120-2782
https://orcid.org/0000-0002-2831-463X
https://orcid.org/0000-0002-1032-5963
https://orcid.org/0000-0003-2110-8021
https://orcid.org/0000-0002-7013-8094
https://orcid.org/0000-0002-4995-9285
https://orcid.org/0000-0002-8856-7401
https://orcid.org/0000-0001-6229-695X
https://orcid.org/0000-0002-1469-0335
https://orcid.org/0000-0001-9325-2175
https://orcid.org/0000-0001-6304-5861
https://orcid.org/0000-0003-1252-6213
https://orcid.org/0000-0003-3273-9419
https://orcid.org/0000-0002-3959-5174
https://orcid.org/0000-0002-0789-1200
https://orcid.org/0000-0002-3412-0508
https://orcid.org/0000-0002-5590-335X
https://orcid.org/0000-0001-5821-291X
https://orcid.org/0000-0002-7049-4646
https://orcid.org/0000-0001-7124-6911
https://orcid.org/0000-0001-9933-995X
https://orcid.org/0000-0001-5965-2386
https://orcid.org/0000-0003-2694-6542
https://orcid.org/0000-0001-7139-7322
https://orcid.org/0000-0002-8801-9894
https://orcid.org/0000-0002-7342-2592
https://orcid.org/0000-0003-3322-6287
https://orcid.org/0000-0003-1090-8832
https://orcid.org/0000-0001-9911-0143
https://orcid.org/0000-0001-5565-7868
https://orcid.org/0000-0003-3122-4245
https://orcid.org/0000-0002-6723-6689
https://orcid.org/0000-0001-9497-5471
https://orcid.org/0000-0002-6127-4350
https://orcid.org/0000-0003-3863-2567
https://orcid.org/0000-0003-2812-338X
https://orcid.org/0000-0002-7218-3323
https://orcid.org/0000-0003-0152-7683
https://orcid.org/0000-0002-3388-8339
https://orcid.org/0000-0003-3301-2246
https://orcid.org/0000-0002-2124-6312
https://orcid.org/0000-0002-4732-4008
https://orcid.org/0000-0002-2087-6128
https://orcid.org/0000-0003-3389-4584
https://orcid.org/0000-0003-2582-6469
https://orcid.org/0000-0002-2793-4052
https://orcid.org/0000-0001-5291-8903
https://orcid.org/0000-0002-9202-1516
https://orcid.org/0000-0003-3473-8858
https://orcid.org/0000-0002-8420-1488
https://orcid.org/0000-0002-1297-6065
https://orcid.org/0000-0003-1550-5223
https://orcid.org/0000-0001-6142-0429
https://orcid.org/0000-0003-1423-5241
https://orcid.org/0000-0003-2530-4265
https://orcid.org/0000-0001-5553-0891
https://orcid.org/0009-0005-3507-3538
https://orcid.org/0000-0003-3752-4759
https://orcid.org/0000-0001-9586-3316
https://orcid.org/0000-0003-0304-6330
https://orcid.org/0000-0003-4861-0943
https://orcid.org/0000-0002-0177-5903
https://orcid.org/0000-0003-3644-8627
https://orcid.org/0000-0003-1175-0002
https://orcid.org/0000-0002-0526-6161
https://orcid.org/0000-0003-1284-3470
https://orcid.org/0000-0002-7406-781X
https://orcid.org/0009-0003-8823-8362
https://orcid.org/0000-0001-7320-5080
https://orcid.org/0000-0001-8026-5380
https://orcid.org/0009-0000-7446-7429
https://orcid.org/0000-0001-5993-9045
https://orcid.org/0000-0003-3848-324X
https://orcid.org/0009-0008-3906-2037
https://orcid.org/0000-0003-3043-1090
https://orcid.org/0000-0002-1959-2363
https://orcid.org/0000-0002-4548-9992
https://orcid.org/0000-0002-9745-2403
https://orcid.org/0000-0002-2562-4405
https://orcid.org/0000-0002-3793-8516
https://orcid.org/0000-0001-8152-927X
https://orcid.org/0000-0001-9665-4575
https://orcid.org/0009-0000-7979-5771
https://orcid.org/0000-0002-0947-1357
https://orcid.org/0000-0002-1436-6092
https://orcid.org/0000-0003-1287-1471
https://orcid.org/0000-0003-3195-0909
https://orcid.org/0000-0002-2550-2184
https://orcid.org/0000-0003-1058-1163
https://orcid.org/0000-0001-7463-7360
https://orcid.org/0009-0006-8766-226X
https://orcid.org/0000-0002-4886-1569
https://orcid.org/0000-0002-7397-9665
https://orcid.org/0000-0002-6347-7055
https://orcid.org/0000-0002-2029-1007
https://orcid.org/0000-0003-1439-8390
https://orcid.org/0000-0001-9227-5164
https://orcid.org/0000-0002-9560-0660
https://orcid.org/0000-0001-5779-142X
https://orcid.org/0000-0001-6495-7619
https://orcid.org/0000-0003-3777-6606
https://orcid.org/0000-0002-5252-4645
https://orcid.org/0009-0008-7135-1664
https://orcid.org/0000-0002-5326-3854
https://orcid.org/0000-0002-8879-6538
https://orcid.org/0000-0002-8577-6531
https://orcid.org/0000-0003-1342-4251
https://orcid.org/0000-0002-2342-7862
https://orcid.org/0000-0003-0684-9235
https://orcid.org/0000-0002-8717-6492
https://orcid.org/0000-0001-8244-7321
https://orcid.org/0000-0001-8569-8409
https://orcid.org/0000-0002-2745-5908
https://orcid.org/0000-0002-1933-5383
https://orcid.org/0009-0008-0356-1061
https://orcid.org/0009-0005-5039-4874
https://orcid.org/0000-0003-0210-9061
https://orcid.org/0000-0001-6839-928X
https://orcid.org/0000-0001-7116-9469
https://orcid.org/0000-0002-9020-7384
https://orcid.org/0000-0002-2893-6922
https://orcid.org/0000-0001-5354-8350
https://orcid.org/0000-0002-4265-928X
https://orcid.org/0000-0002-3316-0604
https://orcid.org/0000-0002-9049-9196
https://orcid.org/0000-0001-7002-9093
https://orcid.org/0000-0003-1552-2015
https://orcid.org/0000-0002-2106-4041
https://orcid.org/0000-0001-6590-6266
https://orcid.org/0000-0002-1964-6106
https://orcid.org/0000-0001-6171-9682
https://orcid.org/0000-0002-0193-5073
https://orcid.org/0000-0003-4418-2072
https://orcid.org/0000-0002-7766-7175
https://orcid.org/0009-0000-3973-2485
https://orcid.org/0000-0003-2952-6156
https://orcid.org/0000-0002-4462-3192
https://orcid.org/0000-0001-7161-2133
https://orcid.org/0000-0002-0554-4627
https://orcid.org/0000-0003-4749-4995
https://orcid.org/0000-0002-7452-8380


J. Phys. G: Nucl. Part. Phys. 53 (2026) 095001 The CMS Collaboration

†: Deceased
1Also at Yerevan State University, Yerevan, Armenia
2Also at TU Wien, Vienna, Austria
3Also at Ghent University, Ghent, Belgium
4Also at FACAMP – Faculdades de Campinas, Sao Paulo, Brazil
5Also at Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil
6Also at Universidade Estadual de Campinas, Campinas, Brazil
7Also at the Federal University of Rio Grande do Sul, Porto Alegre, Brazil
8Also at The University of the State of Amazonas, Manaus, Brazil
9Also at the University of Chinese Academy of Sciences, Beijing, China
10Also at the China Center of Advanced Science and Technology, Beijing, China
11Also at the University of Chinese Academy of Sciences, Beijing, China
12Also at School of Physics, Zhengzhou University, Zhengzhou, China
13Now at Henan Normal University, Xinxiang, China
14Also at University of Shanghai for Science and Technology, Shanghai, China
15Now at The University of Iowa, Iowa City, Iowa, USA
16Also at the Center for High Energy Physics, Peking University, Beijing, China
17Also at Suez University, Suez, Egypt
18Now at British University in Egypt, Cairo, Egypt
19Also at Cairo University, Cairo, Egypt
20Also at Purdue University, West Lafayette, Indiana, USA
21Also at Université de Haute Alsace, Mulhouse, France
22Also at an institute formerly covered by a cooperation agreement with CERN
23Also at University of Hamburg, Hamburg, Germany
24Also at RWTH Aachen University, III. Physikalisches Institut A, Aachen, Germany
25Also at Bergische University Wuppertal (BUW), Wuppertal, Germany
26Also at Brandenburg University of Technology, Cottbus, Germany
27Also at Forschungszentrum Jülich, Juelich, Germany
28Also at CERN, European Organization for Nuclear Research, Geneva, Switzerland
29Also at HUN-REN ATOMKI - Institute of Nuclear Research, Debrecen, Hungary
30Now at Universitatea Babes-Bolyai - Facultatea de Fizica, Cluj-Napoca, Romania
31Also at MTA-ELTE Lendület CMS Particle and Nuclear Physics Group, Eötvös Loránd University,
Budapest, Hungary
32Also at HUN-REN Wigner Research Centre for Physics, Budapest, Hungary
33Also at Physics Department, Faculty of Science, Assiut University, Assiut, Egypt
34Also at The University of Kansas, Lawrence, Kansas, USA
35Also at Punjab Agricultural University, Ludhiana, India
36Also at University of Hyderabad, Hyderabad, India
37Also at Indian Institute of Science (IISc), Bangalore, India
38Also at University of Visva-Bharati, Santiniketan, India
39Also at IIT Bhubaneswar, Bhubaneswar, India
40Also at Institute of Physics, Bhubaneswar, India
41Also at Deutsches Elektronen-Synchrotron, Hamburg, Germany
42Also at Isfahan University of Technology, Isfahan, Iran
43Also at Sharif University of Technology, Tehran, Iran
44Also in the Department of Physics, University of Science and Technology of Mazandaran, Behshahr,
Iran
45Also at the Department of Physics, Faculty of Science, Arak University, ARAK, Iran
46Also at Helwan University, Cairo, Egypt
47Also at Italian National Agency for New Technologies, Energy and Sustainable Economic Development,
Bologna, Italy
48Also at Centro Siciliano di Fisica Nucleare e di Struttura Della Materia, Catania, Italy
49Also at Università degli Studi Guglielmo Marconi, Roma, Italy
50Also at Scuola Superiore Meridionale, Università di Napoli’Federico II’, Napoli, Italy
51Also at Fermi National Accelerator Laboratory, Batavia, Illinois, USA
52Also at Lulea University of Technology, Lulea, Sweden
53Also at Ain Shams University, Cairo, Egypt
54Also at Consiglio Nazionale delle Ricerche - Istituto Officina dei Materiali, Perugia, Italy
55Also at UPES - University of Petroleum and Energy Studies, Dehradun, India

40



J. Phys. G: Nucl. Part. Phys. 53 (2026) 095001 The CMS Collaboration

56Also at Institut de Physique des 2 Infinis de Lyon (IP2I ), Villeurbanne, France
57Also at Department of Applied Physics, Faculty of Science and Technology, Universiti Kebangsaan
Malaysia, Bangi, Malaysia
58Also at Trincomalee Campus, Eastern University, Sri Lanka, Nilaveli, Sri Lanka
59Also at Saegis Campus, Nugegoda, Sri Lanka
60Also at National and Kapodistrian University of Athens, Athens, Greece
61Also at Ecole Polytechnique Fédérale Lausanne, Lausanne, Switzerland
62Also at Universität Zürich, Zurich, Switzerland
63Also at Stefan Meyer Institute for Subatomic Physics, Vienna, Austria
64Also at Near East University, Research Center of Experimental Health Science, Mersin, Turkey
65Also at Konya Technical University, Konya, Turkey
66Also at Izmir Bakircay University, Izmir, Turkey
67Also at Adiyaman University, Adiyaman, Turkey
68Also at Bozok Universitetesi Rektörlügü, Yozgat, Turkey
69Also at Istanbul Sabahattin Zaim University, Istanbul, Turkey
70Also at Marmara University, Istanbul, Turkey
71Also at Milli Savunma University, Istanbul, Turkey
72Also at Informatics and Information Security Research Center, Gebze/Kocaeli, Turkey
73Also at Kafkas University, Kars, Turkey
74Now at Istanbul Okan University, Istanbul, Turkey
75Also at Istanbul University - Cerrahpasa, Faculty of Engineering, Istanbul, Turkey
76Also at Istinye University, Istanbul, Turkey
77Also at Yildiz Technical University, Istanbul, Turkey
78Also at School of Physics and Astronomy, University of Southampton, Southampton, United Kingdom
79Also at Monash University, Faculty of Science, Clayton, Australia
80Also at Bethel University, St. Paul, Minnesota, USA
81Also at Università di Torino, Torino, Italy
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