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Search for the nonresonant production of Higgs boson pairs via gluon fusion
and vector-boson fusion in the bb̄τ +

τ
− final state in proton-proton collisions

at
ffiffi

s
p

= 13 TeV with the ATLAS detector

G. Aad et al.
*

(ATLAS Collaboration)

(Received 22 April 2024; accepted 9 July 2024; published 9 August 2024)

A search for the nonresonant production of Higgs boson pairs in the HH → bb̄τþτ− channel is
performed using 140 fb−1 of proton-proton collisions at a center-of-mass energy of 13 TeV recorded by the
ATLAS detector at the CERN Large Hadron Collider. The analysis strategy is optimized to probe
anomalous values of the Higgs boson self-coupling modifier κλ and of the quartic HHVV (V ¼ W;Z)
coupling modifier κ2V. No significant excess above the expected background from Standard Model
processes is observed. An observed (expected) upper limit μHH < 5.9ð3.3Þ is set at 95% confidence-level
on the Higgs boson pair production cross section normalized to its Standard Model prediction. The
coupling modifiers are constrained to an observed (expected) 95% confidence interval of −3.1 < κλ < 9.0
(−2.5 < κλ < 9.3) and −0.5 < κ2V < 2.7 (−0.2 < κ2V < 2.4), assuming all other Higgs boson couplings
are fixed to the Standard Model prediction. The results are also interpreted in the context of effective field
theories via constraints on anomalous Higgs boson couplings and Higgs boson pair production cross
sections assuming different kinematic benchmark scenarios.

DOI: 10.1103/PhysRevD.110.032012

I. INTRODUCTION

After the discovery of the Higgs boson (H) in 2012 [1,2],
the ATLAS [3] and CMS [4] Collaborations at the Large
Hadron Collider [5] (LHC) have been focusing on the
measurement of its properties [6–12]. All features probed
so far for this new particle are consistent with the Standard
Model (SM) predictions [13–18] for a Higgs boson with an
observed mass mH near 125 GeV [19,20].
In this extensive measurement program, the properties of

interactions involving multiple Higgs bosons remain to be
verified. In the SM, these can be characterized by the
trilinear and quartic self-couplings λHHH and λHHHH, which
are both equal to the coefficient λ of the quartic term of the
Higgs field potential VðϕÞ ¼ μ2jϕj2 þ λjϕj4. The quartic
couplings gHHVV (V ¼ W;Z) characterize the interactions
between two Higgs bosons and twoW or Z bosons, and are
related in the SM to the HWW and HZZ couplings gHVV

through the relation gHHVV ¼ gHVV=2ν, where ν is the
vacuum expectation value of the Higgs field. Significant
deviations from the SM predictions for these couplings

would provide a strong sign of beyond the Standard Model
(BSM) physics [21].
The most sensitive test of Higgs boson self-interactions

comes from processes of Higgs boson pair production
(HH) such as gluon fusion (ggF) and vector-boson fusion
(VBF) HH production. Measuring the cross section
of these processes offers a direct probe of the values of
these couplings, through their scale factors with respect
to the SM predictions: κλ ¼ λHHH=λ

SM
HHH, affecting

both ggF and VBF production, and κV ¼ gHVV=g
SM
HVV and

κ2V ¼ gHHVV=g
SM
HHVV , which only impact VBF production.

The dominant mode for HH production is ggF, with a
cross section of σSMggF ¼ 31.1þ2.1

−7.2 fb [22–29], calculated at
next-to-next-to-leading order (NNLO) including finite top-
quark-mass effects for mH ¼ 125 GeV at

ffiffiffi

s
p ¼ 13 TeV,

resulting from the destructive interference between the
leading-order (LO) Feynman diagrams shown in Fig. 1.
The second most common HH production mechanism at
the LHC is VBF, with a total cross section of σSMVBF ¼
1.73� 0.04 fb [30–34] calculated at next-to-next-to-
next-to-leading order (N3LO) for mH ¼ 125 GeV at
ffiffiffi

s
p ¼ 13 TeV. The LO diagrams for this process are shown
in Fig. 2.
The most stringent constraints on SMHH production by

the ATLAS Collaboration were obtained through a stat-
istical combination [35] of the results in the bb̄γγ [36],
bb̄τþτ− [37] and bb̄bb̄ [38] final states, exploiting the
entire sample of proton-proton (pp) collisions provided by
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the LHC during its second phase (Run 2, 2015–2018). The
95% confidence level (CL) observed (expected) upper limit
on the HH production signal strength μHH ¼ ðσggF þ
σVBFÞ=ðσSMggF þ σSMVBFÞ from the combination is 2.4 (2.9)
with respect to the case μHH ¼ 0, which is later referred to
as the background-only hypothesis. Using the values of the
combination test statistic as a function of either κλ or κ2V,
when all other coupling modifiers are set to unity, the
observed (expected with respect to the SM prediction)
95% confidence intervals (CIs) are κλ ∈ ½−0.6; 6.6�
(½−2.1; 7.8�) and κ2V ∈ ½0.1; 2.0� ([0.0, 2.1]). The CMS
Collaboration also performed a combination of HH analy-
ses in multiple final states, based on their full Run 2 dataset
[12]. The observed (expected) 95% CL upper limit on μHH

is 2.5 (3.4). The observed allowed ranges of κλ and κ2V are
restricted to κλ ∈ ½−1.24; 6.49� and κ2V ∈ ½0.67; 1.38�. No
significant excess over the background-only hypothesis is
observed by any of these analyses.
The bb̄τþτ− final state captures 7.3% of all HH final

states and provides a compromise between expected signal
event yield and background contamination. This leads to a
sensitivity similar to that of the bb̄bb̄ and bb̄γγ decay
modes. The latest ATLAS results for HH → bb̄τþτ− with
the full LHC Run 2 dataset are documented in Ref. [37].
They result in an observed (expected) 95% CL upper limit
on the total HH production cross section of 4.7 (3.9) times
the SM prediction with respect to the background-
only hypothesis. Moreover, observed (expected) 95% CIs

on κλ and κ2V are κλ ∈ ½−2.7; 9.5� (½−3.1; 10.2�) and
κ2V ∈ ½−0.6; 2.7� (½−0.5; 2.7�), respectively [35]. Recent
results from the CMS Collaboration [39] set an observed
(expected) upper limit of 3.3 (5.2) times the SM production
cross section at 95% CL over the background-only hypoth-
esis. Additionally, constraints are set on κλ and κ2V with
respect to the background-only hypothesis, leading to the
observed (expected) 95% CL constraints κλ ∈ ½−1.7; 8.7�
(½−2.9; 9.8�) and κ2V ∈ ½−0.4; 2.6� (½−0.6; 2.8�).
In this paper, an updated search for nonresonant Higgs

boson pair production in the bb̄τþτ− final state with the full
Run 2 ATLAS dataset is presented, superseding and
expanding upon the nonresonant results of Ref. [37].
Compared with the previous publication, the overall object
identification, trigger strategy and event selection in the
signal-enriched regions is unchanged, but an optimized
classification of the selected events is implemented to
enhance the sensitivity to κλ and to the VBF production
mode. Improved multivariate classifiers are used to exploit
the kinematic features of SMVBFHH production to define
a dedicated VBF category, which improves the sensitivity
to anomalous values of the coupling modifiers κλ and κ2V .
Updated Monte Carlo (MC) predictions are used for
describing the main backgrounds of top-quark pair pro-
duction (tt̄) and Z boson production in association with
heavy-flavor quarks, leading to a more accurate modelling
of these processes and enhancing the statistical power of the
simulation. The event selection for the auxiliary measure-
ment of the background from Z boson production in

(a) (b) (c)

FIG. 2. Leading-order Feynman diagrams of the VBF HH production process. The gHHVV coupling modifier is shown as κ2V , the
Higgs self-coupling modifier as κλ, and the modifier for the coupling of the Higgs boson to the SM vector bosons V as κV .

(a) (b)

FIG. 1. Leading-order Feynman diagrams of the ggF HH production process: (a) box and (b) triangle diagrams. The Higgs self-
coupling modifier is shown as κλ, while the modifier for the coupling of the Higgs boson to the top quark is shown as κt.
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association with heavy-flavor quarks is adapted to improve
the consistency of the kinematic properties of this process
with the signal-enriched regions. Finally, the obtained
results are reinterpreted in the context of effective field
theories (EFTs). These changes in analysis set-up and
strategy lead to an improvement of the expected 95% CL
limit on μHH of 15%. The widths of the 95% CIs on κλ and
κ2V with respect to the SM expectation are reduced by 11%
and 19%, respectively, compared with the analysis
described in Ref. [37].
This paper is organized as follows. Section II describes

the ATLAS detector. The collected dataset and the simu-
lated event samples are covered in Section III. The event
selection and categorization, along with the description of
the multivariate classifiers, are described in Section IV.
Section V lists the systematic uncertainties. Finally,
Section VI summarizes the results, Section VII covers
the conducted EFT interpretations, and the study is con-
cluded in Section VIII.

II. ATLAS DETECTOR

The ATLAS experiment at the LHC is a multipurpose
particle detector with a forward–backward symmetric
cylindrical geometry and a near 4π coverage in solid
angle.1 It consists of an inner tracking detector surrounded
by a thin superconducting solenoid providing a 2 T axial
magnetic field, electromagnetic and hadron calorimeters,
and a muon spectrometer. The inner tracking detector
covers the pseudorapidity range jηj < 2.5. It consists of
silicon pixel, silicon microstrip, and transition radiation
tracking detectors. Lead/liquid-argon (LAr) sampling cal-
orimeters provide electromagnetic (EM) energy measure-
ments with high granularity. A steel/scintillator-tile hadron
calorimeter covers the central pseudorapidity range
(jηj < 1.7). The end cap and forward regions are instru-
mented with LAr calorimeters for both the EM and
hadronic energy measurements up to jηj ¼ 4.9. The muon
spectrometer surrounds the calorimeters and is based on
three large superconducting air-core toroidal magnets with
eight coils each. The field integral of the toroids ranges
between 2.0 and 6.0 Tm across most of the detector. The
muon spectrometer includes a system of precision tracking
chambers and fast detectors for triggering. A two-level
trigger system is used to select events. The first-level trigger
is implemented in hardware and uses a subset of the
detector information to accept events at a rate below

100 kHz. This is followed by a software-based trigger that
reduces the accepted event rate to 1 kHz on average
depending on the data-taking conditions. An extensive
software suite [40] is used in simulation, in the
reconstruction and analysis of real and simulated events,
in detector operations, and in the trigger and data acquis-
ition systems of the experiment.

III. DATA AND SIMULATED EVENT SAMPLES

The search presented in this paper uses the pp collision
dataset collected by the ATLAS experiment during the
LHC Run 2 at a center-of-mass energy of

ffiffiffi

s
p ¼ 13 TeV.

After data quality requirements [41], the integrated lumi-
nosity of the dataset is 140.1� 1.2 fb−1 [42,43].
The samples of simulated events used for this study are

summarized in Table I, and they correspond to those
already employed in the previous publication [37], with
a few important updates aimed at improving the statistical
power of the simulated samples for the main background
processes providing a more accurate simulation of the HH
signal. All generated samples are passed through a detailed
simulation of the ATLAS detector response [44] based on
GEANT4 [45].
The production of tt̄ events, and of single-top-quark

events in the Wt−, s− and t−channels is simulated using
the POWHEG BOX V2 [46] generator together with the
NNPDF3.0NLO parton distribution functions (PDF) set
[47]. The simulated events are interfaced to PYTHIA8.230

[48] for parton showering and hadronization using the A14
tune [49] together with the NNPDF2.3LO [50] PDF set. The
setup of the MC event generator for these production
processes is unchanged with respect to Ref. [37]. For tt̄
processes the size of the sample is increased by including
two statistically independent sets of events. The first
sample is simulated with the requirement of at least one
top quark decaying into a leptonic final state, while in the
second sample both top quarks are forced to decay leptoni-
cally. The combination of these samples results in a
decrease in the statistical uncertainty related to the tt̄
simulation by a factor of approximately two in the selected
phase space compared to using only the first sample, as was
done in Ref. [37].
For events containing a W or a Z boson produced in

association with jets, new samples are produced with the
SHERPA2.2.11 generator [51]. Events are simulated using
NLO matrix elements for up to two partons, and LO matrix
elements for up to five partons calculated using the
OPENLOOPS [52–55] and Comix [56] matrix-element gen-
erators. For these samples, the NNPDF3.0NNLO PDF set is
used with dedicated parton shower, matched to the matrix
element via the MEPS@NLO prescription [57]. The
electroweak input scheme is updated compared to the
previous version, along with corrected heavy-flavor hadron
production fractions. The SHERPA2.2.11 generator allows
faster per-event generation time, with significant reduction

1ATLAS uses a right-handed coordinate system with its origin
at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP
to the center of the LHC ring, and the y-axis points upward. Polar
coordinates ðr;ϕÞ are used in the transverse plane, ϕ being the
azimuthal angle around the z-axis. The pseudorapidity is defined
in terms of the polar angle θ as η ¼ − ln tanðθ=2Þ. Angular
distance is measured in units of ΔR≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔηÞ2 þ ðΔϕÞ2
p

.
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TABLE I. Generators used to simulate the signal and background processes. If not otherwise specified, the order of the cross-section calculation refers to the expansion in the
strong coupling constant (αS). The acronyms ME, PS and UE are used for matrix element, parton shower and underlying event, respectively. More details on the simulation of the
signal and background samples are described in the text and in Ref. [37]. (†) The NNLOðQCDÞ þ NLOðEWÞ cross-section calculation for the pp → ZH process already includes
the gg → ZH contribution. The qq → ZH process is normalized to the NNLOðQCDÞ þ NLOðEWÞ cross section for the pp → ZH process, after subtracting the gg → ZH
contribution.

Process ME generator ME QCD order PDF set PS and hadronization UE model tune Cross-section order

Signal

gg → HH (ggF) POWHEG BOX V2 [46] NLO PDF4LHC15NLO [58] PYTHIA8.244 [48] A14 [49] NNLO FTApprox
qq → qqHH (VBF) MADGRAPH5_AMC@NLO 2.7.3 [60] LO NNPDF3.0NLO [47] PYTHIA8.244 A14 N3LOðQCDÞ
Top-quark

tt̄ POWHEG BOX V2 NLO NNPDF3.0NLO PYTHIA8.230 A14 NNLO þ NNLL
t-channel POWHEG BOX V2 NLO NNPDF3.0NLO PYTHIA8.230 A14 NLO
s-channel POWHEG BOX V2 NLO NNPDF3.0NLO PYTHIA8.230 A14 NLO
Wt POWHEG BOX V2 NLO NNPDF3.0NLO PYTHIA8.230 A14 NLO
tt̄Z SHERPA2.2.1 [51] NLO NNPDF3.0NNLO SHERPA 2.2.1 � � � NLO
tt̄W SHERPA2.2.8 NLO NNPDF3.0NNLO SHERPA2.2.8 � � � NLO

Vector bosonþjets

W=Z þ jets SHERPA2.2.11 NLO(≤ 2 jets)
LO(3,4 jets)

NNPDF3.0NNLO SHERPA2.2.11 � � � NNLO

Diboson

WW;WZ; ZZ SHERPA2.2.1 NLO(≤ 1 jets)
LO(2,3 jets)

NNPDF3.0NNLO SHERPA2.2.1 � � � NLO

Single Higgs boson

ggF POWHEG BOX V2 NNLO PDF4LHC15NNLO PYTHIA8.212 AZNLO [59] N3LOðQCDÞþNLOðEWÞ
VBF POWHEG BOX V2 NLO PDF4LHC15NLO PYTHIA8.212 AZNLO NNLOðQCDÞþNLOðEWÞ
qq → WH POWHEG BOX V2 NLO PDF4LHC15NLO PYTHIA8.212 AZNLO NNLOðQCDÞþNLOðEWÞ
qq → ZH POWHEG BOX V2 NLO PDF4LHC15NLO PYTHIA8.212 AZNLO NNLOðQCDÞ þ NLOðEWÞ†
gg → ZH POWHEG BOX V2 NLO PDF4LHC15NLO PYTHIA8.212 AZNLO NLOþ NLL
tt̄H POWHEG BOX V2 NLO NNPDF3.0NLO PYTHIA8.230 A14 NLOðQCDÞ þ NLOðEWÞ
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of the negative weight fraction. Using a sample generated
with SHERPA2.2.11 instead of the sample generated with
SHERPA2.2.1 that was used in Ref. [37] results in a reduction
of the MC statistical uncertainty ranging from 30% to 60%,
depending on the flavor composition of the events and the
analysis region.
Diboson (WW,WZ andZZ) and tt̄Z production processes

are simulated with the 2.2.1 generator, whereas the tt̄W
production process is simulated with the SHERPA2.2.8 gen-
erator. These samples use the NNPDF3.0NNLO PDF set with
dedicated parton shower tuning developed by the SHERPA

authors. SingleHiggs boson production is considered as part
of the background in this search, and its production modes
are simulated using the POWHEG BOX V2 generator and either
the PDF4LHC15NLO [58] with the AZNLO [59] tune or the
NNPDF3.0NLO PDF sets with the A14 tune. The setup of the
MC event generator for these production processes is
unchanged with respect to Ref. [37].
Signal samples consist of simulated events from non-

resonant ggF and VBF production of Higgs boson pairs,
with one Higgs boson decaying into bb̄ and the other one to
τþτ−. The simulated ggF events are generated with the
POWHEG BOX V2 generator at NLO with finite top-quark
mass, and using the PDF4LHC15NLO PDF set. The VBF
events are generated at LO using the MADGRAPH5_

AMC@NLO2.7.3 [60] generator with the NNPDF3.0NLO PDF
set. Parton shower and hadronization are simulated using
PYTHIA8.244with the A14 tune and the NNPDF2.3LO PDF set.
A reweighting technique based on the particle-level invari-
ant mass mHH of the Higgs boson pair is applied to the
κλ ¼ 1 sample to determine the ggF HH signal yield and
kinematic distributions for any value of κλ [61]. The
particle-level mHH spectrum for any generic value of κλ
is calculated from the mHH distributions of three ggF HH
samples generated for κλ ¼ 0, 1 or 20. To determine the
potential nonclosure in the reweighting process from
residual kinematic effects, an additional ggF HH sample
is generated with the same settings as the nominal sample
but with the non-SM value of the self-coupling modifier
κλ ¼ 10, and then passed through detector simulation and
reconstruction algorithms. The reweighting procedure is
validated by comparing the predicted event yields and
kinematic distributions of the simulated sample generated
with κλ ¼ 1 and reweighted to κλ ¼ 10 with those of the
simulated sample generated under the hypothesis κλ ¼ 10.
Furthermore, 12 additional VBFHH samples are generated
and simulated with the same setup as the nominal VBF
sample, but using non-SM combinations of the coupling
modifiers κλ, κ2V and κV . A basis for a linear combination is
formed by the SM sample and five of the other 12 samples,
corresponding to the combinations of the κλ, κ2V and κV
couplings (1, 1.5, 1), (0, 1, 1), (10, 1, 1), (1, 3, 1), (−5, 1,
0.5). This approach is used to determine the expected VBF
HH yields and distributions for any value of κλ, κ2V and κV .
The remaining seven samples are compared to the corre-
sponding predictions from the interpolation procedure for

validation purposes. The same procedure was used in the
measurements presented in Ref. [35]. For both the ggF and
the VBF production mode, good closure between the
simulated and reweighted samples for alternative κλ, κV
and κ2V values is observed within statistical uncertainties.
The Higgs boson mass is assumed to be 125 GeV in both

the simulation and the analysis of the data. All samples are
normalized to the same cross-section calculations detailed
in Ref. [37]. The impacts of the differences with respect to
the best-fit values of the mH measurements reported in
Refs. [19,20] and the effects of the corresponding exper-
imental uncertainties on mH, are negligible.

IV. EVENT SELECTION AND CATEGORIZATION

Events are selected in three separate signal regions
(SRs), which remain unchanged with respect to
Ref. [37]. The τhadτhad signal region (SR) targets fully
hadronic decay modes of the τ-lepton pair, where the
presence of two oppositely charged hadronically decaying
τ leptons (τhad) is determined by detector signatures
compatible with the expected visible decay products
(τhad-vis). Two τlepτhad SRs target events with a leptonic
decay of a τ lepton (τlep) into an electron or a muon, and an
oppositely charged τhad-vis. The electron and muon channels
are considered together. The decay channel with both τ

leptons decaying leptonically is not studied in this paper but
is instead covered in Ref. [62]. A control region (CR) is
defined to constrain the background from Z bosons
produced in association with two jets initiated by b or c
quarks (referred to as Z þ HF in the following), and top-
quark pair production processes. In all regions the presence
of two b-jets is also required. These four regions are briefly
summarized in Sec. IVA. Selected events are split into
different categories to enhance the sensitivity to the
coupling modifiers κλ and κ2V , as described in
Sec. IV B. In each category a multivariate approach based
on boosted decision trees (BDTs) is adopted to build the
final discriminants, as detailed in Sec. IV C. The identi-
fication and reconstruction of electrons, muons, τhad-vis, jets
from the hadronization of quarks and gluons, b-tagged jets,
and missing transverse momentum (p⃗miss

T ) is identical to
what was documented in Ref. [37].

A. Preselection

Events in the τhadτhad SR are selected using a combina-
tion of single-τhad-vis triggers (STTs) and di-τhad-vis triggers
(DTTs), and are required to have two τhad-vis with opposite
charge. An electron and muon veto is applied to ensure
orthogonality with the τlepτhad SRs. In the τhadτhad SR event
selection, the offline2 transverse momentum (pT) thresh-
olds for the τhad-vis range between 100 GeV and 180 GeV

2In this paper, offline objects are those reconstructed after the
data were collected, as opposed to trigger-level objects.
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for STT events depending on the data-taking period, while
they are set at 40 GeV (30 GeV) for the (sub-)leading
τhad-vis for DTT events. For events selected by the STTs a
second τhad-vis-candidate is required, with an offline pT
threshold of 25 GeV. Additional offline requirements for
the DTTs are that either one extra jet with an offline pT
threshold set to 80 GeV is in the event, and the τhad-vis are
reconstructed within ΔR ¼ 2.5 of each other, or that two
extra jets with offline pT thresholds set to 45 GeV are
present in the event. For events that satisfy both the STTs
and DTTs, the offline requirements used for the STTs are
applied.
Events containing exactly an electron or muon and one

τhad-vis with opposite charge are split into two mutually
exclusive SRs, depending on whether they satisfy a single-
lepton trigger (SLT) or a lepton-plus-τhad-vis trigger (LTT),
named the τlepτhad SLT SR and the τlepτhad LTT SR,
respectively. Only events failing the τlepτhad SLT SR
selection are considered for the τlepτhad LTT SR.
Depending on the data-taking period, the offline electron
(muon) selected by the SLT is required to have pe

T >

25 GeV or pe
T > 27GeV (pμ

T > 21 GeV or pμ
T > 27 GeV).

Events selected in the τlepτhad LTT SR are required to
contain either an electron or a muon with offline pT

thresholds set to pe
T > 18 GeV and p

μ
T > 15 GeV respec-

tively, along with a τhad-vis with an offline pT threshold set
to 30 GeV.
Events in all SRs are required to have mMMC

ττ >

60 GeV.3 To target H → bb̄ decays, events are required
to contain exactly two b-tagged jets in the pseudorapidity
region of jηj < 2.5, satisfying the criteria of the “DL1r”
b-tagging algorithm with a nominal efficiency of 77% for b
jets [64]. The two selected b-tagged jets have to satisfy
minimum pT thresholds of 45 and 20 GeV respectively, in
addition to any trigger-dependent requirements. In the
τlepτhad SRs the invariant mass of the b-tagged jet pair
(mbb) is required to be lower than 150 GeV to reject
background tt̄ events, and a τhad-vis with pT of at least
20 GeV is required in the τlepτhad SLT SR, while pT >

30 GeV is required in the τlepτhad LTT SR, in addition to
any trigger-dependent requirements.
Events in the CR are required to contain exactly two

electrons or two muons of opposite charge with a dilepton
invariant mass (mll) within the range of 75 GeV < mll <
110 GeV, and exactly two b-tagged jets. The mbb is
required to be less than 40 GeV or greater than
210 GeV to avoid overlap with other analyses targeting
H → bb̄ decays. Compared with Ref. [37], the requirement
on the transverse momentum of the selected leptons is
raised to pT > 40 GeV (from pT > 9 GeV), while the
leading b-tagged jet is required to have pT > 45 GeV.

This selection provides a closer alignment between the
kinematic properties of events selected in the CR and the
SRs. Figure 3 shows the predicted and observed mll

distributions in the CR, after the likelihood fit described
in Sec. VI.
The main sources of background in the SRs after this

preselection are from top-quark, Z þ jets, W þ jets, dibo-
son, single Higgs boson and multijet production.
Depending on the source, the background contamination
is estimated by using data-driven or simulation-based
techniques, or a combination of both. The normalizations
of simulated tt̄ and Z þ HF backgrounds are determined
from data in the likelihood fits of signal and control regions
described in Sec. VI. A reconstructed τhad-vis candidate in
these background events can originate either from a τhad
decay (true-τhad-vis), or from a misidentified quark- or
gluon-initiated jet (fake-τhad-vis). Events in which an elec-
tron or a muon is misidentified as a τhad-vis represent a small
additional background. The processes that contribute most
to background events with fake-τhad-vis candidate are tt̄ and
multijet production. In tt̄ events, fake-τhad-vis candidates
typically originate from quark-initiated jets from the top-
quark decay. In multijet events, both quark- and gluon-
initiated jets are a source for fake-τhad-vis candidates. Events
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FIG. 3. Predicted and observed mll distributions in the CR,
with the normalization, shape and total uncertainty of the back-
grounds as determined from the likelihood fit to data described in
Sec. VI. The background processes named “Other” contain
contributions from Z-boson production in association with less
than two jets initiated by b or c quarks, W-boson production,
vector boson pair production, tt̄W and tt̄Z production, and single
Higgs boson production processes. The dashed histogram shows
the total prefit background. The lower panel shows the ratio of
data to the total postfit background. The hatched bands in the
upper and lower panels show the combined statistical and
systematic uncertainties in the total background.

3The invariant mass of the τ-lepton pair (mMMC
ττ ) is estimated

by using the missing mass calculator (MMC) [63].
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with fake-τhad-vis candidate in tt̄ and multijet production are
estimated from techniques relying on both simulated events
and data, described in Ref. [37], which prove to provide an
accurate modelling of the variables used for the event
categorization and multivariate techniques described in this
Section. The estimate of this background relies on a good
description of the fundamental properties of τ leptons in the
three analysis SRs, which are unchanged compared to
Ref. [37]. In the τlepτhad regions a combined fake-factor
method is used to estimate tt̄ and multijet events with fake-
τhad-vis, by employing two groups of regions: the identi-
fication (ID) regions containing one identified τhad-vis, and
the anti-identification (anti-ID) regions containing one
reconstructed τhad-vis with modified requirements (anti-
τhad-vis), leading to an enriched fake-τhad-vis contribution.
Fake factors are derived separately for tt̄ and multijet events
in dedicated ID and anti-ID control regions, and are
combined to scale events from the anti-ID SRs to obtain
the fake-τhad-vis background prediction in the τlepτhad SRs.
In the τhadτhad regions two separate methods are used to
estimate the backgrounds with fake-τhad-vis from tt̄ and
multijet production. Multi-jet events can only enter the SRs
when both τhad-vis are fake, and their contribution is
estimated by using a fake-factor method. Fake-factors
are derived for the multijet background in a dedicated
set of ID control regions, defined for events with two
identified τhad-vis, and anti-ID control regions for events
with one identified τhad-vis and one anti-τhad-vis candidate.
The fake-factors are applied to scale events from the anti-ID
SRs to obtain the multijet fake-τhad-vis background predic-
tion in the τhadτhad SRs. Background events with fake-
τhad-vis from tt̄ production in the τhadτhad SRs are estimated
using simulation, while correcting the fake-τhad-vis mis-
identification efficiencies with scale factors derived from
data in the tt̄ control region defined for the fake-factor

estimate in the τlepτhad channel. The modelling of events
with a fake-τhad-vis candidate from background processes
other than tt̄ and multijet production is performed using
MC simulation, as they represent a minor contribution to
the total background. Simulated event samples are used to
model background events containing true-τhad-vis and events
with an electron or a muon misidentified as a τhad-vis
candidate. The changes introduced to the MC simulation
detailed in Sec. III are found to have a negligible impact on
the data-driven estimate of the background.

B. Event categorization

Events selected in each SR described in Sec. IVA are
split into three separate categories. To enhance the sensi-
tivity to the coupling modifier κ2V, a dedicated VBF
category is defined with a multivariate approach, defining
a dedicated BDT to select events with characteristic
features of VBF HH production, separately for each
analysis SR. These are referred to as categorization

BDTs in the following. The distribution of the invariant
mass of the HH system (mHH) in ggF HH events is
significantly affected by the value of κλ. Hence, events not
falling in the VBF category are split into two mHH

categories, targeting ggF HH production with κλ values
close to the SM expectation (ggF high-mHH) or signifi-
cantly different from it (ggF low-mHH). The three catego-
ries are mutually exclusive, and they are defined separately
for each SR following the procedure outlined in Figure 4,
leading to a total of nine event categories. First, VBF
candidate events are identified by requiring the presence of
at least two jets in addition to the ones associated with the
H → bb̄ decay. These events are used to train the categori-
zation BDTs to separate ggF and VBF HH production
modes in event topologies with additional jets. Events

FIG. 4. Flowchart summarizing the definition of the τhadτhad SR, the τlepτhad SLT SR, the τlepτhad LTT SR and the dedicated CR defined
in Sec. IV. The flowchart shows the selection criteria applied to define the corresponding ggF low-mHH , ggF high-mHH and VBF
categories for each analysis SR, leading to a total number of nine analysis categories and an additional CR.
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satisfying a SR-dependent selection on the output of these
BDTs are assigned to the VBF category. Events failing the
VBF selection are assigned to the ggF categories, together
with events not selected as VBF candidates.
The categorization BDTs are built using the toolkit for

multivariate data analysis (TMVA [65]) using ggF HH
events as signal and VBFHH events as background, scaled
such that the total event yield is the same for both
processes. A dedicated version of the BDT is trained in
each SR respectively. To make use of the complete set of
simulated events for the BDT training, optimization and
evaluation, the events are split into three samples of equal
size, A, B and C. The performance of the BDTs trained on
sample A (respectively B, C), is optimized using sample B
(C, A) and evaluated with sample C (A, B), ensuring an
unbiased estimate of the performance of the BDTs. The
selected data events are split into three samples, each
analysed with one of the three separately trained BDTs. The
output distributions of the BDTs evaluated on samples A, B
and C are merged for both simulated and data events to
produce the final discriminant. The number of trees and
their depth are chosen to maximise the BDT separation
power, quantified by the value of the number-counting
significance z [66] computed from the binned distribution
of the BDT discriminant.
The minimal set of training variables that optimizes the

BDT separation power is determined starting from a small
set and iteratively adding variables one at a time from a
predefined list of candidate variables. The variable leading
to the largest increase (or minimal decrease4) in signifi-
cance z is included, until no changes are observed. The
starting set of variables comprizes the invariant mass of the
VBF jets (mVBF

jj ), defined as the two jets with the highest pT

not associated with the H → bb̄ decay, and their pseudor-
apidity gap (ΔηVBFjj ). The final set of variables for the
categorization BDTs in each SR is summarized in Table II.
It includes the product of VBF jet pseudorapidities (VBF
η0 × η1), their angular separations (ΔϕVBF

jj and ΔRVBF
jj ) and

mHH. In addition, the Fox-Wolfram moments fi of ith order
[67] and their modified definitions for usage in hadron
collider experiments hi [68] can further increase the
separation power, together with the centrality5 (C) and
the invariant mass (mEff) of the system composed by the
selected τ leptons, the missing transverse momentum vector
p⃗miss
T and the selected jets. The predicted and observed

distributions of the resulting BDT scores are shown in

Fig. 5 for all three SRs. VBF candidate events are assigned
to the VBF category if their BDT score is evaluated below a
certain threshold. The value of this threshold is optimized
to achieve the best upper limits on HH production for ggF
and VBF production modes separately and combined,
along with the best exclusion limits for the coupling
modifiers κλ and κ2V from the likelihood fit described in
Section VI. The categorization BDT cut values are set to
0.1, −0.13 and −0.1 for the τhadτhad, τlepτhad SLT and
τlepτhad LTT SRs, respectively.
Events not retained in the VBF category are split into

low-mHH and high-mHH categories targeting ggF HH
production. While the ggF HH cross section increases
for κλ values larger than the SM expectation and close to the
current experimental sensitivity (κλ ∼ 6 [35]), the softer
mHH spectrum leads to smaller detector acceptance and
selection efficiency. The event split into different regions of
mHH allows to partially disentangle these effects, improv-
ing the sensitivity to higher κλ values. The splitting value is
chosen to be 350 GeV since the effect of the interference
between the box and triangle diagrams on the differential
ggF HH production cross section is maximal there.

C. Multivariate discriminants

Based on the event categorization described in Sec. IV B,
an additional set of multivariate discriminants making use
of BDTs is trained and evaluated in each of the analysis
SRs separately to achieve optimal separation between the
HH signal and the background. One dedicated BDT is

TABLE II. Input variables for the categorization BDTs in each
of the three SRs. The superscripts a and c specify the selection of
jets that are taken into account for the calculation in addition to
the two τ-lepton candidates and the p⃗miss

T vector. For variables
with a c, only the four-momenta of central jets, i.e., jets with
jηj < 2.5, are included, while an a indicates that all available jets
are included.

Variable τhadτhad τlepτhad SLT τlepτhad LTT

mVBF
jj

✓ ✓ ✓

ΔηVBFjj
✓ ✓ ✓

VBF η0 × η1 ✓ ✓

ΔϕVBF
jj

✓

ΔRVBF
jj

✓ ✓

ΔRττ ✓

mHH ✓

fa
2

✓

Ca ✓ ✓

ma
Eff ✓ ✓

fc
0

✓

fa
0

✓

ha
3

✓

4Variables showing minimal decrease of the z significance
are retained to mitigate the impact of statistical fluctuations
on the optimization, potentially leading to prematurely
terminating the iterative procedure. In the final selection only
variables improving the BDT sensitivity are retained.

5The centrality of a set of four-momenta of index i is defined as

C ¼
P

i
pTðiÞ

P

i
EðiÞ .
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trained for each analysis SR (τhadτhad, τlepτhad SLT, τlepτhad
LTT) and each category (ggF low-mHH, ggF high-mHH and
VBF), leading to nine separate BDTs. In the ggF high-mHH

and VBF categories, the signal corresponds to the ggF and
VBF SM production of HH pairs, respectively. In the ggF
low-mHH category the signal is defined as ggF HH

production with κλ ¼ 10. During training, the sum of all
backgrounds normalized to their respective cross sections is
used, which is scaled such that the total background yield
matches that of the corresponding signal sample. The
backgrounds containing τhad-vis from misidentified quark-
or gluon-initiated jets are modeled using simulation, except
for the multijet background in the τhadτhad category, where
the data-driven estimate introduced in Sec. IVA is used.
The BDTs evaluated in the low-mHH and high-mHH

categories are trained on the event samples selected in
the respective categories. The BDTs evaluated in the VBF
categories are trained on events from both the VBF and ggF
categories to maximize the available sample size.
To make use of the complete set of simulated events for

the BDT training, optimization and evaluation, the events
are split into three samples, following the same procedure
described in Sec. IV B. The number of trees and their depth
are chosen to maximize the BDT separation power,
quantified by the value of the signal significance z
computed from the binned distribution of the BDT output.
The input variables used for the BDTs are chosen to

maximize the BDT separation power, separately for each
trained BDT. A list of variables is built for each BDT,
ordered according to their impact on the signal significance
z, following the same procedure as described in Sec. IV B.
In each analysis SR and category the starting set comprises

the following variables: the invariant mass of the two
selected b-jets (mbb), the invariant mass of the τ-lepton pair
(mMMC

ττ ), the mHH reconstructed from the selected b-jet and
τ-lepton pairs, the angular separation between b-jets
(ΔRbb) and between τ-leptons (ΔRττ). In the τlepτhad
LTT high-mHH category ΔRbb is not included, and in
the τlepτhad LTT VBF category both ΔRbb and ΔRττ are
removed. The additional variables included in the BDT
training through a z-based optimization as described in
Sec. IV B can be grouped in several categories. Variables
that require the presence of a charged lepton are not
included for the τhadτhad SR. Higgs boson candidates H
are reconstructed from either b-jet or τ-lepton pairs. For the
low-mHH and high-mHH categories, variables describing
the kinematic properties of the selected b-jets and τ leptons
are included: the transverse momentum of the leading and
subleading b-jets and τ leptons, along with the pseudor-
apidity of the τ leptons and the transverse mass of each of
the τ leptons and p⃗miss

T . The angular separation between the
(sub)leading b-jet and the (sub)leading τ lepton is included,
along with the angular separation between the leading b-jet
and the subleading τ lepton, the pseudorapidity separation
and the transverse momentum difference between the
selected τ-lepton candidate and the charged lepton.
Variables related to the reconstructed H candidate topol-
ogies include: the azimuthal angular separation between the
b-jet pair and the τ-lepton pair, and between either the b-jet
or the τ-lepton pair and the magnitude Emiss

T of p⃗miss
T , the

azimuthal angle of the selected b-jet (or τ-lepton) pair
relative to the H candidate rest frame, along with the
transverse momentum of the b-jet and τ-lepton pairs. The
separation power is further increased by including variables

(a) (b) (c)

FIG. 5. Predicted and observed distributions of the categorization BDT scores in (a) the τhadτhad, (b) the τlepτhad SLTand (c) the τlepτhad
LTT SRs, for all candidate VBF events. The background distributions are shown as obtained from the combined likelihood fit to data
described in Sec. VI. The background processes named “Other” contain contributions from Z-boson production in association with less
than two jets initiated by b or c quarks, W-boson production, vector boson pair production, tt̄W and tt̄Z production, and single Higgs
boson production processes. The ggF and VBFHH signal distributions are overlaid and scaled to the factor indicated in the legend times
the SM expectation. The dashed histogram shows the total prefit background. The lower panels show the ratio of data to the total postfit
sum of signal and background. The hatched bands in the upper and lower panels show the combined statistical and systematic
uncertainties in the total prediction.
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describing the hadronic activity in candidate events, such as
the number of selected hadronic jets, the scalar sum of jet
transverse momenta (HT), the effective mass of the τ-lepton
pair and all jets with jηj < 2.5, the Emiss

T , the stransverse
mass [69] (MT2), the azimuthal angular separation between
the selected charged lepton and the p⃗miss

T . Additional
variables are included to characterize event properties,
such as the transverse mass of the W boson candidate in
the τlepτhad SRs (defined as the transverse mass of the
selected lepton and the p⃗miss

T ), the topness variable [70] as
defined in Ref. [71] assuming either σt ¼ 5 GeV; σW ¼
5 GeV (T1) or σt ¼ 15 GeV; σW ¼ 5 GeV (T2), the
reduced invariant mass of the HH system (defined as
mHH

� ¼ mHH −mbb −mMMC
ττ þ 250 GeV), the scaled

invariant mass of the HH system (defined by scaling the
four-momenta of both H candidates by the ratio
125 GeV=mH, where mH is the H candidate invariant
mass), the transverse momentum of the reconstructed HH
system and the effective mass of the HH decay products.
To construct the Emiss

T centrality, the transverse plane is
transformed such that the directions of the τhad-vis candi-
dates or leptons are orthogonal, and that the smaller ϕ angle
between them defines the positive quadrant of the trans-
formed plane. Then the Emiss

T centrality is defined as the
sum of the x and y components of the p⃗miss

T unit vector in
this transformed plane. Dedicated variables describing
characteristic event configurations are included via a
selection of Fox-Wolfram moments (as defined in
Sec. IV B), circularity, sphericity, thrust and planar flow
variables reconstructed from the HH decay products.
Finally, the b-tagging information is provided by the
quantile distribution of the DL1r tagger output for the
selected b-jets, which is included as a training variable. For
the VBF categories the first five variables listed in Table II
are also included, along with circularity, sphericity and
planar flow variables reconstructed from the τ-lepton pair
and all selected jets, to target the specific features of VBF
HH events.

V. SYSTEMATIC UNCERTAINTIES

While the largest source of uncertainty in this analysis
comes from the limited number of data events, systematic
uncertainties can affect the signal and background esti-
mates. Uncertainties originating from the detector
response in the selection and reconstruction of the used
objects are included as documented in Ref. [37].
Statistical uncertainties in the predicted background proc-
esses are modeled using a simplified version of the
Beeston-Barlow technique [72], in which only the uncer-
tainty in the total background contribution in each bin is
considered. An uncertainty in the full Run 2 integrated
luminosity of 0.83% [42], from measurements using the
LUCID-2 [43] detector and a complementary measure-
ment using the inner detector and calorimeters, is assigned

to physics processes whose normalizations are taken from
simulation.
For all processes whose estimation relies on MC sim-

ulation, the impact of various sources of theoretical
uncertainties in their cross section, on the fractional
contribution to each analysis category within each SR,
as well as on the shape of the BDTs introduced in Sec. IV C
is considered. The total normalization of tt̄ and Z þ HF
backgrounds is determined via the likelihood fit described
in Sec. VI; therefore, no uncertainty is included for their
cross-section calculation. For tt̄ and Z þ HF backgrounds,
the uncertainty in the fractional contribution in each
analysis category is computed as the relative variation in
acceptance with respect to the dedicated CR introduced in
Sec. IV, while for other processes this is evaluated as the
absolute acceptance variation in each analysis category. To
assess an uncertainty in the shape of the BDT output, a
dedicated rebinning algorithm is applied to ensure that only
statistically significant shape variations are considered. In
the signal-enriched region of the BDT distribution, the
statistical uncertainty of each bin is required to be below a
process- and variation-dependent threshold (ranging from
5% to 15%), while in the background-enriched region of
the distribution the fraction of total events per bin is
required to be larger than 5%. For each process, the impact
of each source of uncertainty in the fractional contribution
in each analysis category is correlated with the uncertainty
in the shape of the BDT score in the corresponding
category, in the likelihood fit described in Section VI.
All sources of uncertainty are evaluated separately and
correlated across the three analysis SRs. The uncertainties
in the SM cross-section calculations for all processes are
unchanged with respect to Ref. [37], along with the full
uncertainty estimate for smaller background processes
including Zþlight-flavor jets, W þ jets, diboson and
single-top-quark production in the s− and t−channels.
The tt̄ hard-scatter and parton-shower uncertainties are

evaluated by comparing the nominal sample with samples
generated using MADGRAPH5_AMC@NLO+PYTHIA8 and
POWHEG BOX V2+HERWIG7.04 [73,74], respectively. The
hard-scatter uncertainty also accounts for uncertainties in
the matching and merging of the matrix-element calcula-
tion with the parton-shower algorithm. The uncertainty in
missing higher-order QCD corrections and the modeling of
initial-state QCD radiation is assessed via independent
variations of the renormalization and factorization scales in
the hard-scatter calculation, of the showering tune VAR3C

parameter [49] and of the hdamp
6 parameter, while for the

modeling of final state QCD radiation alternative choices of
factorization and renormalization scales in the showering

6The hdamp parameter regulates the pT of the first additional
emission beyond the Born configuration in the POWHEG BOX

generator, controlling the matching of the matrix element to the
parton shower.
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algorithm are considered. Finally, uncertainties in the PDF
and the value of the strong coupling constant αS are also
evaluated. All sources of uncertainty have an impact on the
shape of the BDT score and the tt̄ fractional contribution in
each analysis category. The largest effect on the latter is due
to parton-shower variations and ranges between 1% and
10% of the nominal values, depending on the analysis
category and SR.
For Z þ HF processes the uncertainty in the modelling of

the hard scatter and the parton shower are evaluated by
comparing the nominal sample with a MADGRAPH5_

AMC@NLO+PYTHIA8 sample with up to three additional
partons in the final state at NLO accuracy in the QCD
coupling, in which additional jet multiplicities are merged
together with the FxFx NLO matrix-element and parton-
shower merging prescription [75]. The A14 parton-shower
tune and the NNPDF2.3LO PDF set are used for this
alternative sample. Uncertainties frommissing higher-order
QCD corrections are evaluated with renormalization
and factorization scale variations from the nominal sam-
ples, along with PDF and αS variations. The effect of
higher-order electroweak corrections for Z þ HF processes
is found to be negligible, and thus not included.
Uncertainties in the matching between matrix element
calculation and parton shower are considered via variations
of the SHERPA matching parameter (CKKW) and the
resummation scale (QSF). All sources of uncertainty have
an impact on the Z þ HF fractional contribution in each
analysis category, with the largest effect due to renormal-
ization and factorization scale variations ranging up to 13%
of the nominal values depending on the analysis category
and SR. The uncertainty in the modelling of the hard scatter
and the parton shower, from the comparison with the
alternative MADGRAPH5_AMC@NLO+PYTHIA8, is the only
source of uncertainty with a significant impact on the shape
of the BDT score in the analysis SRs. The same source of
uncertainty is found to have a non-negligible impact on the
shape of the mll variable in the CR, which is included as a
dedicated uncertainty uncorrelated from the BDT score
shape uncertainty in the likelihood fit. Finally, an additional
systematic uncertainty is included to cover the residual
difference between data and MC simulation in the dedi-
cated CR, as a function of the transverse momentum of the
selected lepton pair. This uncertainty is applied in all
analysis SRs as a function of the transverse momentum
of the τ-lepton pair selected from the MC truth record.
For single-top-quark processes only uncertainties related

to the Wt−channel are considered, as it is found to be
dominant compared with s− and t− channel contributions.
The hard-scatter and the parton-shower uncertainties are
evaluated by comparing the nominal sample with alter-
native MADGRAPH5_AMC@NLO+PYTHIA8 and POWHEG BOX

V2+HERWIG7 samples. The uncertainty in the modelling
of QCD radiation is evaluated by varying the showering
tune VAR3C, along with independent variations of the

renormalization and factorization scales in the hard-scatter
and parton-shower calculations. The uncertainty related to
the interference between the tt̄ and theWt−channel single-
top-quark processes is evaluated by comparing the nominal
Wt-channel sample produced with the diagram removal
scheme to an alternative sample produced with the diagram
subtraction scheme [76]. Finally, uncertainties in the PDF
are also evaluated. All sources of uncertainty have an
impact on the Wt−channel single-top-quark fractional
contribution in each analysis category. Variations due to
the uncertainty in the Wt−channel interference scheme
range from 1% to 7% in the low-mHH categories, from 23%
to 29% in the high-mHH categories and from 14% to 34% in
VBF categories. Uncertainties in the Wt−channel interfer-
ence scheme are also evaluated on the shape of the BDT
score, rather than on the pT of the b-tagged jet pair as in
Ref. [37]. The hard-scatter and parton-shower uncertainties
range from 15% to 36% on the Wt−channel fractional
contribution, depending on the analysis category and SR.
Uncertainties in the modeling of QCD radiation are found
to have a significant impact on the shape of the BDT score.
An uncertainty of 100% is applied on the normalization

of single Higgs boson in the ggF, VBF and associated
production WH mechanisms where the Higgs boson
decays into a τ-lepton pair, to account for difficulties in
the modelling of these processes in association with heavy-
flavor jets [77,78]. Uncertainties from missing higher-order
QCD corrections are evaluated with independent variations
of the renormalization and factorization scales from the
nominal samples, along with PDF and αS variations.
Parton-shower uncertainties are evaluated by comparing
the nominal sample to alternative POWHEG BOX V2+

HERWIG7 samples for associated production ZH and tt̄H
processes. For tt̄H processes the hard-scatter uncertainties
are derived by comparing the nominal samples to
MADGRAPH5_AMC@NLO+PYTHIA8 predictions, and uncer-
tainties in the modelling of QCD radiation are assessed via
variations of the showering tune VAR3C, along with inde-
pendent variations of the renormalization and factorization
scales in the parton-shower algorithm. All sources of
uncertainty have an impact on the single-Higgs-boson
fractional contribution in each analysis category, while
only parton-shower uncertainties are included as variations
of the BDT score for the ZH and tt̄H processes.
For the SM ggF and VBF HH signal processes,

uncertainties from missing higher-order QCD corrections
are assessed via independent variations of the renormaliza-
tion and factorization scales in the hard-scatter calculation,
along with PDF and αS variations. Parton-shower uncer-
tainties are evaluated by comparing the nominal samples
with alternative POWHEG BOX V2+HERWIG7 samples. All
sources of uncertainty have an impact on the signal
fractional contribution in each analysis category,
while only parton-shower uncertainties are included as
variations of the BDT score. Cross-section uncertainties for
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single-Higgs-boson and HH processes [29] follow the
same approach detailed in Ref. [37], along with uncertain-
ties in the H → bb̄ and H → τþτ− branching ratios [79].
A dedicated uncertainty in the reweighting method

applied to the ggF HH samples to model alternative κλ
hypotheses, described in Sec. III, is defined via a com-
parison of the SM ggF HH samples with an alternative
sample generated assuming κλ ¼ 10. The SM sample and
the κλ ¼ 10 sample are reweighted to a wide range of κλ
values and the acceptance values of both predictions are
compared independently in each category. The maximum
of the obtained deviations is taken as an uncertainty and
applied to the κλ ¼ 0 and κλ ¼ 20 templates used for the
linear combination of signal samples in the fit. These
deviations range from 2% to 4% in the ggF categories and
from 20% to 40% in the VBF categories. The uncertainty in
the VBF categories arises from themHH-based reweighting
method not accounting for additional radiation produced
with the HH pair, to which the categorization BDTs are
highly sensitive. The linear combination of VBF HH
samples described in Sec. III is found to accurately model
alternative κλ and κ2V hypothesis; therefore, no dedicated
uncertainty is considered.
The estimate of systematic uncertainties affecting the

data-driven background follows the approach described in
Ref. [37]. Uncertainties in the fractional contribution of the
data-driven background and on the shape of the BDT score
are derived in all the analysis SRs and categories.

VI. RESULTS

The statistical procedures applied for extracting results
are the same as in Refs. [35,37]. The global likelihood
function Lðα; θÞ is constructed from the binned distribution
of the BDT output score for signal, background and data
distributions in the nine orthogonal analysis categories
described in Sec. IV, together with the mll distribution in
the dedicated CR. The set α contains the parameters of
interest (POI) of the measurement, while θ is the ensemble
of nuisance parameters, corresponding to systematic uncer-
tainties constrained by auxiliary measurements in control
regions or by theoretical predictions, or to parameters such
as the tt̄ and Z þ HF background yields, which are a priori
unconstrained.
A dedicated procedure is applied to transform the BDT

discriminant to obtain a smoother distribution for the
background processes and a finer binning in the regions
with the largest signal contribution, while preserving a
sufficiently large number of background events in each bin,
similarly to Ref. [37]. Starting from finely binned histo-
grams, bins are iteratively merged starting from the most
signal-enriched bins until they satisfy the condition of
10fs þ 5fb > 1, where fs and fb are the fractions of signal
and background contained in the bin, respectively. The
relative statistical uncertainty in the predicted background
contribution has to be below 20%, and at least three

expected background events are required per bin. The
mll distribution in the CR is binned uniformly with a
width of 1 GeV.
The constraints on the coupling modifiers are determined

using a profile likelihood ratio Λðα; θÞ as the test
statistic, computed from the likelihood function in the
asymptotic approximation [66], where the POI α are the
coupling modifiers κ. The procedure adopted in Ref. [35]
is used to set constraints on κλ and κ2V , expressed as 68%
and 95% CIs. Signal strength upper limits are derived using
the CLs method [80] with the procedure described in
Ref. [37]. Upper limits are set on the overall μHH and
on the separate signal strength parameters μggF ¼ σggF=σ

SM
ggF

and μVBF ¼ σVBF=σ
SM
VBF. The expected results are obtained

with Asimov datasets [66] generated from the likelihood
function after setting all nuisance parameters to their
maximum-likelihood estimate in the fit to the data and
fixing the POIs to the values corresponding to the hypoth-
esis under test. The asymptotic results are found to agree
within 7% with the upper limits obtained using pseudoex-
periments. Figure 6 shows the BDT score distribution in the
nine orthogonal categories, after performing the maximum-
likelihood fit to data for the LðμHH; θÞ function. Good
agreement between the data and the prediction is found
within the assessed uncertainties.
The maximum-likelihood estimator for the total HH

production signal strength is found to be μ̂HH ¼ 2.2� 1.7
by the combined fit to data. The uncertainty in the fitted
signal strength is obtained from the variation of log-like-
lihood-based test statistic Λ by one unit, and includes both
statistical and systematic uncertainties. The maximum-
likelihood estimator for the unconstrained normalization
factor of the tt̄ and Z þ HF backgrounds are measured
at 0.96� 0.03 and 1.34� 0.08, respectively, by the com-
bined fit to data. An observed 95% CL upper limit of 5.9 is
set on μHH, to be compared with an expected limit of 3.3
in the background-only hypothesis (μHH ¼ 0), correspond-
ing to an observed (expected) significance with respect
to the background-only hypothesis of 1.4ð0.75Þσ. From the
simultaneous fit of μggF and μVBF, observed (expected)
95% CL upper limits are μggF < 5.8ð3.4Þ and μVBF <

91ð73Þ, respectively, for each production mode, assuming
that the signal strength parameters can vary independently
for each production mode. If μVBF is fixed to the SM
prediction, the observed (expected) 95% CL upper limit is
μggF < 5.9ð3.4Þ. Similarly, if μggF is fixed to the SM
prediction, the observed (expected) 95% upper limit
is μVBF < 93ð72Þ.
Expected upper limits for the separate production mode

signal strengths are derived with respect to the background-
only hypothesis. The signal strength upper limits are
summarized in Table III and Fig. 7, in each SR individually
along with the combined fit. The results for the individual
SRs are obtained from the combined likelihood fit of the
BDT score distributions in the categories of a single SR
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with the mll distribution from the dedicated CR. The
observed limit on μHH from the combined fit is looser than
the expected one as a result of an excess in the τlepτhad SLT

SR, in the high-mHH category. This excess corresponds to a
local significance of 2.3σ with respect to the SM hypothesis
(μHH ¼ 1), and a local significance of 2.7σ with respect to

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

FIG. 6. Predicted and observed distribution of the BDT score in (left) the low-mHH , (middle column) the high-mHH and (right) the
VBF categories of (top) the τhadτhad, (middle row) the τlepτhad SLT and (bottom) the τlepτhad LTT SRs. The signal and background
distributions are shown at postfit level as obtained from the combined likelihood fit to data described in Section VI. The background
processes named “Other” contain contributions from Z-boson production in association with less than two jets initiated by b or c quarks,
W-boson production, vector boson pair production, tt̄W and tt̄Z production processes. The “HH” signal contribution is scaled to the
fitted signal strength μHH from the combined likelihood fit times the SM expectation. The ggF and VBF HH signal distributions are
overlaid and scaled to the factor indicated in the legend times the SM expectation. The dashed histograms show the total prefit
background. The lower panels show the ratio of data to the total postfit sum of signal and background, where the hatched bands show the
statistical and systematic uncertainties of this prediction. The BDT score distributions are shown with the binning used in the likelihood
fit. For visualization purposes each bin is displayed with uniform width and an index labeling it.

SEARCH FOR THE NONRESONANT PRODUCTION OF HIGGS … PHYS. REV. D 110, 032012 (2024)

032012-13



the background-only hypothesis, as obtained from the
individual fit of the τlepτhad SLT SR.
The observed and expected values of −2 lnΛ as a

function of the coupling modifiers κλ and κ2V are shown
in Fig. 8, under the hypothesis that all other coupling
modifiers are equal to their SM predictions. The combined
fit allows to set observed (expected) 95% CIs of
κλ ∈ ½−3.1; 9.0�ð½−2.5; 9.3�Þ (assuming κ2V ¼ 1) and κ2V∈

½−0.5;2.7�ð½−0.2;2.4�Þ (assuming κλ ¼ 1). Additional con-
straints are set on κλ and κ2V assuming that both coupling
modifiers can vary simultaneously. The resulting observed
and expected two-dimensional 68% and 95% contours are
shown in Fig. 9. The observed and expected constraints on
κλ reported in this paper are affected by the issue concern-
ing the ggF HH prediction for BSM scenarios in POWHEG

reported in the erratum of Ref. [81] and do not include the
changes to resolve this issue described in Ref. [82]. If the
ggF HH signal yields in the analysis categories are scaled
based on the ratio of the predicted differential ggF HH

cross sections with and without the changes described in
Ref. [82], the width of the 95% CI on κλ changes by less
than 5%.
As in Ref. [37], the analysis sensitivity is primarily limited

by the statistical uncertainty of the data. The leading
systematic uncertainty in the measurement of μHH is the
uncertainty in the ggF HH production cross section arising
from variations of the QCD scales and the top-quark mass
scheme. The next leading sources of uncertainty are the
statistical precision of the background MC samples and
the uncertainty related to the interference between theWt and
tt̄ processes. The combined impact of all sources of sys-
tematic uncertainties leads to an increase in the expected
upper limits on the signal strength μHH by 23% and to a
widening of the expected 95% CI for κλ and κ2V by 9% and
2%, respectively, with respect to the case inwhich systematic
uncertainties are neglected (excluding the tt̄ and Z þ HF
floating normalization and MC statistical uncertainties).
Based on a consistent statistical procedure for evaluating

the 95% CIs and upper limits as described at the beginning
of this section, these results can be compared with the
previous analysis of Ref. [37]. The approach presented in
this paper leads to an increase (reduction) of the observed
(expected) upper limit on the signal strength μHH by 25%
(15%), along with new results for the upper limits on the
separate ggF and VBF HH production mode signal
strengths. The width of the observed (expected) CI for
κλ is reduced by< 1% (11%) and the width of the observed
(expected) CI for κ2V is reduced by 2% (19%) compared
with the previous analysis.
The compatibility, considering statistical and systematic

uncertainties, between the upper limit at 95% CL on the
signal strength μHH from this study and that of Ref. [37] is
evaluated using a bootstrap technique [83] separately
for the independent SR fits and for the combined fit.
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FIG. 7. Summary of observed (filled circles) and expected
(open circles) 95% CL upper limits on μHH from the fit of each
individual channel and the combined fit in the background-only
(μHH ¼ 0) hypothesis. The dashed lines indicate the expected
95% CL upper limits on μHH in the SM hypothesis (μHH ¼ 1).
The inner and outer bands indicate the �1σ and �2σ variations,
respectively, on the expected limit with respect to the back-
ground-only hypothesis due to statistical and systematic uncer-
tainties.

TABLE III. Observed and expected 95% CL upper limits on μHH , μggF and μVBF from the individual SR likelihood fits as well as the
combined results. The μggF and μVBF limits are quoted both from the results of the simultaneous fit of both signal strengths (central
column), and from independent fits for the individual production modes, assuming the other to be as predicted by the SM. The
uncertainties quoted on the combined expected upper limits correspond to the 1σ uncertainty band.

μHH μggF μVBF μggF (μVBF ¼ 1) μVBF (μggF ¼ 1)

τhadτhad Observed 3.4 3.6 87 3.5 80
Expected 3.8 3.9 102 3.9 99

τlepτhad SLT Observed 17 17 136 17 158
Expected 7.2 7.4 129 7.4 127

τlepτhad LTT Observed 23 18 765 22 733
Expected 20 21 359 20 350

Combined Observed 5.9 5.8 91 5.9 93
Expected 3.3þ1.7

−0.9 3.4þ1.8
−1.0 73

þ32

−21
3.4þ1.8

−0.9 72
þ32

−20
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The compatibility between the two results is at the level of
1σ for the individual fit of the τhadτhad SR, of 2.5σ for the
individual fit of the τlepτhad SLT SR, and of 0.1σ for the
individual fit of the τlepτhad LTT SR. The compatibility is at
the level of 0.8σ for the combined fit.

VII. EFFECTIVE FIELD THEORY

INTERPRETATION

Effective field theory approaches can be employed to
parametrize effects of new particles and anomalous cou-
plings on the HH production rates and Higgs boson decay
rates, assuming that the energy scale of the underlying
BSM processes is far too high to be probed directly.

Interpretations of the results in the context of the Higgs
effective field theory (HEFT) and SM effective field theory
(SMEFT) are presented in this section, following closely
the procedure in Refs. [38,84].
The SMEFT interpretation is based on the effective

Lagrangian

LSMEFT ¼ LSM þ 1

Λ
2

EFT

X

k

c
ð6Þ
k O

ð6Þ
k ;

where LSM is the SM Lagrangian and ΛEFT is the energy
scale of the new physics phenomena, which is set to 1 TeV.

The c
ð6Þ
k are the Wilson coefficients corresponding to an

operator Oð6Þ
k of mass dimension 6. The Warsaw basis [85]

is chosen for the dimension-6 operators, and constraints are
placed on the Wilson coefficients cH and cH□. They
correspond to the operators ðϕ†ϕÞ3 and ðϕ†ϕÞ□ðϕ†ϕÞ,
respectively. While the VBFHH contribution is affected by
variations of cH and cH□, the SMEFT preserves the Higgs
doublet structure of the SM, which implies cancellations
between the LO diagrams Figs. 2(a) and 2(c). Therefore,
the change in the expected VBF HH contribution is small,
and the process is ignored for the SMEFT interpretations,
as it is dominated by the ggF HH contribution in all
considered coupling scenarios.
For the HEFT interpretation, two studies are conducted.

First, cross-section limits are placed on the seven mHH

shape benchmark scenarios defined in Ref. [86]. As
described in Ref. [87], these benchmark scenarios have
been determined using a clustering algorithm that identifies
distinct shapes of themHH spectrum that can be obtained by
varying fiveWilson coefficients in the HEFT framework. In
addition to the study of these benchmark scenarios, the
Wilson coefficients ctthh and cgghh are considered, which
quantify the strengths of the effective tt̄HH and ggHH
couplings, respectively. The Wilson coefficient of the only
considered anomalous coupling that affects VBF HH
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FIG. 8. Values of −2 lnΛ for different (a) κλ and (b) κ2V hypotheses obtained from fits to the data (solid orange) and an Asimov dataset
(dashed blue) constructed under the SM hypothesis. In each case, all coupling modifiers but the scanned parameter are fixed to their SM
values.
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FIG. 9. Likelihood contours at 68% (solid line) and 95%
(dashed line) CL in the (κλ, κ2V) parameter space, when all
other coupling modifiers are fixed to one. The corresponding
expected contours are shown by the inner and outer shaded
regions. The SM prediction is indicated by the star, while the
best-fit value is denoted by the black cross.
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production at NLO precision is chhh, which is equivalent to
κλ. Due to the much smaller overall expected yield
compared with ggF HH production, and the decorrelation
of the two production modes through the event categori-
zation, the impact of VBF HH contribution on the mHH

shape benchmark limits is expected to be negligible, even
when taking chhh variations into account. Hence, it is
ignored in the following, i.e., μVBF is set to 0.
Signal predictions for ggF HH production assuming

different effective coupling strengths are obtained from
the SM sample. For this purpose, a reweighting method is
used that assigns each event a weight corresponding to the
ratio of the differential NLO cross section (in mHH)
predicted by the SM and the hypothesis of interest. These
weights are taken from Ref. [86]. Possible effects of the
anomalous couplings on the Higgs boson branching frac-
tions are neglected. The SMEFT coefficients can also affect
single Higgs boson processes. To take these effects on
production cross sections and branching fractions into
account, the procedure in Ref. [88] is adopted.
For a continuous parametrization of the effect of the

Wilson coefficients on the predicted ggF HH distributions,
the linear combination method described in Ref. [61] is
applied to the ggF HH cross section dependence on the
respective Wilson coefficients. The basis samples for the
Wilson coefficients are chosen to be close to the 95% CL
limits in order to reduce the effect of large cancellations
between the basis samples on the obtained results. The
values of the couplings ðcgghh; ctthh; chhhÞ that define the
ten samples making up the basis for measuring the HEFT
Wilson coefficients are (0, 0, 1), ð−0.3; 0; 1Þ, (0.4, 0,1),
ð0;−0.2; 1Þ, (0, 0.7, 1), ð0; 0;−2.5Þ, (0, 0, 9), ð0.4; 0;−2.5Þ,
ð0; 1;−10Þ, ð0.4;−0.2; 1Þ. The six values of ðcH; cH□Þ
used for the SMEFT interpretation are (0, 0), ð−17; 0Þ,
(7, 0), ð0;−7Þ, (0, 13), ð7;−7Þ.
Uncertainties on the ggF HH event yield from the

reweighting procedure are derived using comparisons to
alternative MC samples generated with different assumed
coupling values. They are produced for the seven HEFT
mHH shape benchmarks and for cgghh=tthh ∈ f−0.5; 0.5; 1g
using POWHEG BOX V2 interfaced with PYTHIA8.244 for
parton showering and hadronization. The uncertainty
assessment for variations in cH is based on the LO relation
κλ ¼ 1–2

v4

m2

H
Λ
2

EFT
cH þ 3

v2

Λ
2

EFT
ðcH□ −

1

4
cHDÞ [86], which

allows for a comparison to a κλ ¼ 10 sample. Here, cHD

is the Wilson coefficient corresponding to the dimension-6
operator ðϕ†DμϕÞ�ðϕ†DμϕÞ. For cH□, alternative samples
with cH□ ∈ f−9.5; 7g are used. Additionally, the signal
modeling uncertainties are evaluated for each signal con-
figuration, as described in Sec. V. For scans of Wilson
coefficients, the modeling uncertainties are computed for
all signal configurations used in the linear combination
approach. The maximal obtained deviation is taken as the
final value for each source of uncertainty.

The 95% CL upper limits on the ggF HH cross section
assuming the different benchmark mHH shapes are sum-
marized in Fig. 10. The following changes are made in the
fit model with respect to the measurement of signal strength
limits described in Section VI. The ggF HH prediction is
replaced depending on the benchmark scenario, while the
contribution from VBF HH production is neglected.
Moreover, as this is a cross section measurement, no
uncertainties in the ggF HH production cross section are
taken into account. Overall, it is observed that lower
average signal mHH values, as represented by benchmarks
1 and 2, lead to weaker constraints.
The Wilson coefficients are probed with the same profile

likelihood ratio scan as for κλ and κ2V in Sec. VI. The one-
dimensional constraints on the HEFT and SMEFT Wilson
coefficients are summarized in Table IV.

FIG. 10. Observed (filled circles) and expected (open circles)
95% CL upper limits on the ggF HH production cross section
with respect to the background-only hypothesis in the SM and
each of the seven HEFT shape benchmarks obtained from the
combined fit. The inner and outer bands show the �1σ and �2σ

variations on the expected upper limit. The contribution from
VBF HH production is neglected for this result.

TABLE IV. Observed and expected 95% CIs on HEFT and
SMEFT Wilson coefficients, obtained from one-dimensional
scans of −2 lnΛ in fits to the observed data and an Asimov
dataset constructed under the SM hypothesis. In each case, only
the scanned Wilson coefficient is varied while all others are fixed
to their respective SM predicted value. The contribution from
VBFHH production is neglected for this result. The SM value for
all considered Wilson coefficients is 0, hence no sign of BSM
physics is found.

Wilson coefficient Observed 95% CI Expected 95% CI

cgghh ½−0.51; 0.58� ½−0.42; 0.44�
ctthh ½−0.40; 0.84� ½−0.32; 0.72�
cH ½−19.4; 10.0� ½−19.1; 8.6�
cH□ ½−12.6; 11.6� ½−8.5; 11.1�
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The observed and expected constraints on the
ggF HH cross section limits assuming the HEFT
shape benchmarks shown in Fig. 10 and the CIs on
individual Wilson coefficients reported in Table IV
are affected by the issue concerning the ggF HH pre-
diction for BSM scenarios in POWHEG reported in the
erratum of Ref. [81] and do not include the changes to
resolve this issue described in Ref. [82]. If the ggF HH
signal yields in the analysis categories are scaled based on
the ratio of the predicted differential ggF HH cross
sections with and without the changes described in
Ref. [82], the expected limits and CIs changes by less
than 10%.
Two-dimensional 68% and 95% CL likelihood contours

are measured for the HEFT Wilson coefficients cgghh and
ctthh, respectively, as a function of chhh. They are shown
in Fig. 11. In addition, two-dimensional contours are

measured for the SMEFT coefficients cH and cH□, as
shown in Fig. 12. The observed nonparabolic features in the
two-dimensional contours, such as the double-minimum
structure in Fig. 11(b), stem from different best-fit Wilson
coefficient values in the τlepτhad SLT and τhadτhad high-mHH

categories, which drive the sensitivity of the combined fit.
The excess in the SLT high-mHH category leads to a
68% CL rejection of the region between the two 68% CL
contours, as those Wilson coefficient combinations cor-
respond to the lowest signal yields. The tighter 68% CL
contour at cgghh ≈ 0 in Fig. 11(a) can also be attributed to
this excess. As the signal yield is minimal around
chhh ¼ 3, for higher chhh the −2 lnΛ value will decrease
in the τlepτhad SLT high-mHH category, while it increases
in the τhadτhad high-mHH category that does not feature an
excess. Hence, the slope of the combined −2 lnΛ function
is small in that region of the parameter space, leading to
the observed behavior. The same effect can also be seen in
Fig. 8(a).

VIII. CONLUSION

An updated search for nonresonant Higgs boson pair
production in the bb̄τþτ− final state has been performed
using the full Run 2 ATLAS dataset, corresponding to
140 fb−1 of proton-proton collisions at a center-of-mass
energy of 13 TeV. The results supersede and expand on
those of a previous search based on the same dataset
described in Ref. [37]. Compared with the previous
publication, the event classification has been reoptimized
to enhance the sensitivity to κλ and to the VBF production
mode. Improved multivariate classifiers are used to build
the final discriminants, increasing the sensitivity to SMHH
production and to anomalous values of the coupling
modifiers κλ and κ2V . The analysis sensitivity is improved
by 11% to 19%, depending on the parameter of interest.
Results interpreted in terms of ggF and VBF production
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FIG. 11. Likelihood contours at 68% (solid line) and 95% (dashed line) CL in (a) the (chhh, cgghh) and (b)the (chhh, ctthh) parameter
space, when all other Wilson coefficients are fixed to their SM values. The corresponding expected contours are shown by the inner and
outer shaded regions. The SM prediction is indicated by the star, while the best-fit value is denoted by the black cross.
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best-fit value is denoted by the black cross.
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modes have been added, compared with the results of
Ref. [37]. The statistical procedure for the interpretation of
the observed yields in terms of the signal coupling
modifiers has been updated from scans of cross section
limits to profile likelihood ratio scans.
No evidence of HH signal is found. An observed

95% CL upper limit of 5.9 is set on the HH production
signal strength μHH, to be compared with an expected limit
of 3.3 in the background-only (μHH ¼ 0) hypothesis. The
observed limit on μHH is looser than the expected one as a
result of a mild excess in the τlepτhad SLT SR, in the high-
mHH category. The corresponding observed (expected)
95% confidence intervals for the self-coupling modifier
κλ and the quartic coupling modifier κ2V are −3.1 < κλ <
9.0 (−2.5 < κλ < 9.3) and −0.5 < κ2V < 2.7 (−0.2 <
κ2V < 2.4), respectively. Based on these improvements,
95% CL upper limits are set on the HH production cross
section in the seven shape benchmark scenarios proposed
in Ref. [86]. Moreover, one-dimensional constraints are set
on the Wilson coefficients cH and cH□ in the SMEFT
framework as well as on cgghh and ctthh in the HEFT
framework.
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76a
INFN Sezione di Roma Tor Vergata, Italy

76b
Dipartimento di Fisica, Università di Roma Tor Vergata, Roma, Italy
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