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background from Standard Model processes is observed. An observed (expected) upper limit
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1 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 (LHC) have been focusing on the measurement of its properties [5—11]. All
features probed so far for this new particle are consistent with the Standard Model (SM) predictions [12—17]
for a Higgs boson with an observed mass mg near 125 GeV [18, 19].

In this extensive measurement programme, the properties of interactions involving multiple Higgs bosons
remain to be verified. In the SM, these can be characterised by the trilinear and quartic self-couplings
A and Ay, which are both equal to the coeflicient A of the quartic term of the Higgs field potential
V(¢) = u|¢|* + A|¢|*. The quartic couplings gyryy (V = W, Z) characterise the interactions between
two Higgs bosons and two W or Z bosons, and are related in the SM to the HWW and HZZ couplings
guvy through the relation gy yvy = guvy/2v, where v is the vacuum expectation value of the Higgs
field. Significant deviations from the SM predictions for these couplings would provide a strong indication
of beyond the Standard Model (BSM) physics [20].

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: ky = Aggn/ ’1}91]\1/-11 5 affecting both ggF and VBF production,
and ky = ggvy/ g}g{""fv and kov = ggrvv/ gﬁll‘flvv, which only impact VBF production.

The dominant mode for HH production is ggF, with a cross-section of Ugé\g = 31.05J:27'_12 fb [21-28],
calculated at next-to-next-to-leading order (NNLO) including finite top-quark-mass effects for mpy = 125
GeV at /s = 13 TeV, resulting from the destructive interference between the leading-order (LO) Feynman
diagrams shown in Figure 1. The second most common H H production mechanism at the LHC is VBF, with



a total cross-section of O'\S,I]\B’IF =1.73 £ 0.04 fb [29-33] calculated at next-to-next-to-next-to-leading order
(NLO) for mp = 125 GeV at /s = 13 TeV. The LO diagrams for this process are shown in Figure 2.
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Figure 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 «,, while the modifier for the coupling of the Higgs boson to the top
quark is shown as ;.
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Figure 2: Leading-order Feynman diagrams of the VBF HH production process. The g vy coupling modifier is
shown as k,y, the Higgs self-coupling modifier as «,, and the modifier for the coupling of the Higgs boson to the SM
vector bosons V as ky.

The most precise measurement of SM HH production by the ATLAS Collaboration was obtained through
a statistical combination [34] of the results in the bEyy [35], bbr*1~ [36] and bbbb [37] final states,
exploiting the entire sample of proton-proton (pp) collisions provided by the LHC during its second phase
of data-taking (Run 2, 2015-2018). The 95% confidence level (CL) observed (expected) upper limit on the
HH production signal strength ugg = (0ger + 0vBE)/ (O'gsgl\g + a'\S,lg’IF) from the combination is 2.4 (2.9)
with respect to the case ug gy = 0, which is subsequently referred to as the background-only hypothesis.
Using the values of the combination test statistics as a function of either k, or «y, when all other coupling
modifiers are set to unity, the observed (expected with respect to the SM prediction) 95% confidence
intervals (ClIs) x, € [-0.6,6.6] ([-2.1,7.8]) and «py € [0.1,2.0] ([0.0,2.1]) are measured. The CMS
Collaboration also performed a combination of HH analyses in multiple final states, based on their full
Run 2 dataset [11]. The observed (expected) 95% CL upper limit on pugg is 2.5 (3.4). The observed
allowed ranges of «x, and k,y are restricted to ky € [—1.24,6.49] and x,y € [0.67, 1.38]. No excess over
the background-only hypothesis is observed by any of these analyses.

With a branching ratio of 7.3%, the bbt*7t~ decay channel is able to provide a compromise between
expected signal event yield and background contamination. This leads to a sensitivity similar to that
of the bbbb and bbyy decay modes. The latest ATLAS results for HH — bbt*t~ with the full LHC
Run 2 dataset are documented in Ref. [36]. 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% Cls on «, and ky are measured at
Ky € [-2.7,9.5] ([-3.1,10.2]) and kv € [-0.6,2.7] ([-0.5,2.7]), respectively [34]. Recent results from
the CMS Collaboration [38] set an observed (expected) upper limit of 3.3 (5.2) times the SM production
cross-section at 95% CL over the background-only hypothesis. Additionally, constraints are set on x,; and
koy with respect to the background-only hypothesis, leading to the observed (expected) 95% CL exclusion
limits x4 € [—-1.7,8.7] ([-2.9,9.8]) and xoy € [-0.4,2.6] ([-0.6,2.8]).

In this note, an updated search for non-resonant Higgs boson pair production in the bb7*7~ final state
with the full Run 2 ATLAS dataset is presented. Compared to the previous ATLAS result in the bbr* 7~
channel [36], the overall object identification, trigger strategy and event selection in the signal-enriched
regions is unchanged, but an optimised classification of the selected events is implemented to enhance
the sensitivity to x; as well as to the VBF production mode. Improved multivariate classifiers are used
to exploit the kinematic features of SM VBF HH production to define a dedicated VBF category, which
improves the sensitivity to anomalous values of the coupling modifiers «, and «»y. Updated Monte Carlo
(MC) predictions are used for describing the main backgrounds of top-quark pair production (¢7) and Z
boson production in association with heavy flavour quarks, leading to a more accurate modeling of these
processes and enhancing the statistical power of the simulation. The event selection for the auxiliary
measurement of the background from Z boson production in association with heavy flavour 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 setup and strategy lead to an improvement of the expected 95% CL limit on
ug g of 20%. The widths of the 95% Cls on «, and «;y with respect to the SM expectation are reduced by
10% and 19%, respectively, compared to the analysis described in Ref. [36]. The results documented in
this note are meant to supersede those from Ref. [36].

This note is organised as follows. Section 2 describes the ATLAS detector. The collected dataset and
the simulated event samples are covered in Section 3. The event selection and categorisation, along with
the description of the multivariate classifiers, are described in Section 4. Section 5 lists the systematic
uncertainties. Finally, Section 6 summarises the results, Section 7 covers the conducted EFT interpretations,
and the study is concluded in Section 8.

2 ATLAS detector

The ATLAS experiment at the LHC is a multipurpose particle detector with a forward—backward symmetric
cylindrical geometry and a near 4xr coverage in solid angle.! 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 |n| < 2.5. It consists of silicon pixel, silicon microstrip, and transition radiation tracking detectors.
Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM) energy measurements
with high granularity. A steel/scintillator-tile hadron calorimeter covers the central pseudorapidity range
(In] < 1.7). The endcap and forward regions are instrumented with LAr calorimeters for both the EM and

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upwards.
Polar coordinates (r, ¢) are used in the transverse plane, ¢ being the azimuthal angle around the z-axis. The pseudorapidity is
defined in terms of the polar angle 6 as 7 = — Intan(#/2). Angular distance is measured in units of AR = /(An)2 + (A¢)2.



hadronic energy measurements up to |77| = 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 T m 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 [39] is used in simulation, in the reconstruction and analysis of real and simulated events, in
detector operations, and in the trigger and data acquisition systems of the experiment.

3 Data and simulated event samples

The measurements presented in this note use the pp collision dataset collected by the ATLAS experiment
during the LHC Run 2 at a centre-of-mass energy of v/s = 13 TeV. After data quality requirements [40], the
integrated luminosity of the dataset is 140.1 + 1.2 fb~! [41].

The samples of simulated events used for this study are summarised in Table 1, and they correspond to
those already employed in the previous publication [36], 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. Dedicated VBF HH samples are produced for additional xpy and «y
variations, while additional ggF HH samples are employed to model «, variations.

The production of ¢7 events, and of single-top-quark events in the W¢—, s— and t—channels is simulated
using the PowHEG Box v2 [42] generator together with the NNPDF3.0nLo parton distribution functions
(PDF) set [43]. The simulated events are interfaced to PyTHia 8.230 [44] for parton showering and
hadronisation using the A14 tune [45, 46] together with the NNPDF2.3Lo PDF set. The setup of the MC
event generator for these production processes is unchanged with respect to Ref. [36]. For #7 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 to a leptonic final state, while in the
second sample both top quarks are forced to decay leptonically. The combination of these samples results
in a decrease of the statistical uncertainty related to the ¢7 simulation approximately by a factor of 2 in the
selected phase space.

For events containing a W or a Z boson produced in association with jets, new samples are produced with
the SHERPA 2.2.11 generator [47]. Events are generated using NLO matrix elements for up to two partons,
and LO matrix elements for up to five partons calculated using the OpenLoops [48-51] and Comix [52]
matrix-element generators. For these samples, the NNPDF3.0nnLo PDF set is used with dedicated parton
shower, matched to the matrix element via the MEPS @NLO prescription [53]. The electroweak input
scheme is updated compared to the previous version, along with corrected heavy-flavour hadron production
fractions. The Suerra 2.2.11 generator allows faster per-event generation time, with significant reduction
of the negative weight fraction, resulting in an improvement of the MC statistical uncertainty ranging from
30% to 60%, depending on the flavour composition of the events and the analysis region.

Diboson (WW, WZ and ZZ) and tfZ production processes are simulated with the SHERPA 2.2.1 generator,
whereas the t#W production process is simulated with the SHERPA 2.2.8 generator. These samples use the
NNPDF3.0nnLo PDF set with dedicated parton shower tuning developed by the SHERPA authors. Single
Higgs 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 PDFALHC15nL0 with the AZNLO [54]
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. [36].

Signal samples consist of simulated events from non-resonant ggF and VBF production of Higgs boson pairs,
with one Higgs boson decaying to bb and the other one to 7*7~. The simulated ggF events are generated
with the Pownec Box v2 generator at NLO with finite top-quark mass [55], and using the PDFALHC15~8L0
PDF set. The VBF events are generated at LO using the MADGraPHS_aAMC@NLO 2.7.3 [56] generator
with the NNPDF3.0nLo PDF set. Parton shower and hadronisation are simulated using PyTHia 8.244
with the A14 tune and the NNPDF2.3Lo PDF set. In addition to the SM case of «; = 1, a ggF HH
sample is generated with the same settings as the nominal sample but with the non-SM value of the
self-coupling modifier x; = 10, and then passed through detector simulation and reconstruction algorithms.
A reweighting technique based on the particle-level invariant mass m gy of the Higgs boson pair is applied
to the k, = 1 sample to determine the ggF HH signal yield and kinematic distributions for any value
of k, [57]. The particle-level my g spectrum for any generic value of «, is calculated from the mgyg
distributions of three ggF HH samples generated for x; = 0, 1 or 20. In order to determine the potential
non-closure in the reweighting process from residual kinematic effects, the procedure is validated by
comparing the predicted event yields and kinematic distributions of the simulated sample generated with
x4 = 1 and reweighted to x; = 10 with those of the simulated sample generated under the hypothesis
x4 = 10. Furthermore, 12 additional VBF HH samples are generated and simulated with the same setup as
the nominal VBF sample, but using non-SM combinations of the coupling modifiers «,, koy and «y. 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 «,, koy and «y 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 k4, koy and ky. The remaining seven samples are compared to the corresponding predictions from
the interpolation procedure for validation purposes. The same procedure was used in the measurements
presented in Ref. [34]. For both ggF and VBF production modes good closure between the simulated and
reweighted samples for alternative «,, ky and k,y values is observed within statistical uncertainties.

All generated samples are passed through a detailed simulation of the ATLAS detector response [58] based
on GEaNT4 [59]. The Higgs boson mass is assumed to be 125 GeV in both the simulation and the analysis
of the data. All samples are normalised to the same cross-section calculations detailed in Ref [36]. The
impacts of the differences with respect to the best-fit values of the my measurements reported in Refs. [18,
19], as well as the effects of the corresponding experimental uncertainties on mpg, are negligible.

4 Event selection and categorisation

Events are selected in three separate signal regions (SRs), which remain unchanged with respect to Ref. [36].
The ThadThag signal region (SR) targets fully-hadronic decay modes of the 7-lepton pair, where the presence
of two oppositely charged hadronically decaying 7 leptons (74,q) is determined by detector signatures
compatible with the expected visible decay products (Thad.vis)- TWO TiepThaa SRS target events with a
leptonic decay of a 7 lepton (7i¢p) into an electron or a muon, and an oppositely charged Tpag.yis. The
decay channel with both 7 leptons decaying leptonically is not studied in this report but is instead covered
in Ref. [61]. A control region (CR) is defined to constrain the background from Z bosons produced in
association with two jets initiated by b or ¢ quarks (referred to as Z + 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



Table 1: Summary of the nominal HH signal as well as the background event samples used in this note. The generator
used in the simulation, the parton distribution function (PDF) set, the parton shower (PS) and the set of tuned
parameters (tune) are also provided. More details are given in the text and in Ref. [36].

Process Matrix element generator PDF set Showering Tune
Signal

gg — HH (ggF) PownEG Box v2 [42] PDF4LHCI15nL0 [60] PytHia 8.244 [44]  Al4 [45, 46]

qq9 — qqHH (VBF) MADGRrRAPHS_AMC@NLO2.7.3 [56] NNPDF3.0nL0 [43] PyTHiA 8.244 Al4
Top-quark

tf PownEG Box v2 NNPDF3.0nLO PyTH1A 8.230 Al4

t-channel PownEG Box v2 NNPDF3.0nLO PyTHiA 8.230 Al4

s-channel PownEG Box v2 NNPDF3.0nLO PyTH1A 8.230 Al4

Wt PowneG Box v2 NNPDF3.0nLO PyTH1A 8.230 Al4d

1tz SHERPA 2.2.1 [47] NNPDF3.0nNLO SHERPA 2.2.1 -

titw SHERPA 2.2.8 NNPDF3.0nNLO SHERPA 2.2.8 -
Vector boson + jets

W/ Z+jets SHERPA 2.2.11 NNPDF3.0nNLO SHERPA 2.2.11 -
Diboson

WW,WZ,ZZ SHERPA 2.2.1 NNPDF3.0nNNLO SHERPA 2.2.1 -
Single Higgs boson

ggF PowHEG Box v2 PDF4LHC15NL0 PyTHIA 8.212 AZNLO [54]

VBF PownEG Box v2 PDF4LHCI15~8LO PyTHiA 8.212 AZNLO

qq — WH PowHEG Box v2 PDF4LHC15NnL0 PytHia 8.212 AZNLO

qq > ZH PownEG Box v2 PDF4LHC15~8L0 PyTHIA 8.212 AZNLO

gg — ZH PownEeG Box v2 PDF4LHC15NnL0 PyTHiA 8.212 AZNLO

ttH PowneG Box v2 NNPDF3.0nLO PyTH1A 8.230 Al4d

briefly summarised in Section 4.1. Selected events are split in different categories to enhance the sensitivity
to the coupling modifiers «,; and k»y, as described in Section 4.2. In each category a multivariate approach
based on boosted decision trees (BDTs) is adopted to build the final discriminants, as detailed in Section 4.3.
The identification and reconstruction of electrons, muons, Thad.vis, jets from the hadronisation of quarks
and gluons, b-tagged jets, and missing transverse momentum (pt ™) is identical to what was documented
in Ref. [36].

4.1 Preselection

Events in the thyqThaqg SR are selected using a combination of single-Th,q.vis triggers (STTs) and di-Thag-vis
triggers (DTTs), and are required to have two Tpaq.vis With opposite charge. An electron and muon veto is
applied to ensure orthogonality with the TiepThag SRS. In the ThaaThag SR event selection, the offline? PT
thresholds for the 1p,4.vis range between 100 GeV and 180 GeV for STT events depending on the data-taking
period, while they are set at 40 GeV (30 GeV) for the (sub-)leading Thaq.vis for DTT events. For events
selected by the STTs a second Tpag.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 present in the event, and the Tpa4.vis are reconstructed within AR = 2.5 of each other, or that two
extra jets with offline pr thresholds set to 45 GeV are present in the event. For events that pass both the
STTs and DTTs, the offline requirements used for the STTs are applied.

2 In this note, offline objects are objects which are reconstructed after the data were collected, as opposed to trigger-level objects.



Events containing exactly an electron or muon and one Tpaq4.vis With opposite charge are split into two
mutually exclusive SRs, depending on whether they pass a single-lepton trigger (SLT) or a lepton-plus-
Thad-vis trigger (LTT), named the Tjephag SLT SR and the 7iephag LTT SR respectively. Only events failing
the TiepThag SLT SR selection are considered for the 7jepThag LTT SR. Depending on the data-taking period,
the offline electron (muon) selected by the SLT is required to have p§ > 25 GeV or p7. > 27 GeV (p’T’ > 21
GeV or pfF‘ > 27 GeV). Events selected in the 7jepThag LTT SR are required to contain either an electron or
a muon with offline pr thresholds set to pfr > 18 GeV and p¥ > 15 GeV respectively, along with a Thaq.vis
with an with offline pt threshold set to 30 GeV.

Events in all SRs are required to have m»MC > 60 GeV.? In order to target H — bb decays, events are
required to contain exactly two b-tagged jets in the pseudorapidity region of || < 2.5, passing the criteria
of the ‘DLIr" b-tagging algorithm with a nominal efficiency of 77% for b jets [63]. The two selected
b-tagged jets have to pass minimum pr thresholds of 45 and 20 GeV respectively, in addition to any
trigger-dependent requirements. In the 7jepThag SRs the invariant mass of the b-tagged jet pair (mpy) is
required to be lower than 150 GeV to reject background 7 events, and a Tp,q.vis With transverse momentum
(pr) of at least 20 GeV is required in the TiepThag SLT SR, while pt > 30 GeV is required in the TjepThag

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 (m¢¢) range of 75 GeV < m¢p < 110 GeV, and exactly two b-tagged jets. The mpp
is required to be less than 40 GeV or greater than 210 GeV to avoid overlap with other analyses targeting
H — bb decays. Compared to Ref. [36], the cut 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 m, distributions in the CR, after the likelihood fit
described in Section 6.

The main sources of background in the SRs after this preselection are from top-quark, Z+jets, W+jets,
diboson, single Higgs boson and multi-jet production. The normalisations of simulated ¢f and Z + HF
backgrounds are determined from data in the likelihood fits of signal and control regions described
in Section 6. Depending on the source, the background contamination is estimated using data-driven
or simulation-based techniques, or a combination of both. A reconstructed 7h,4.vis candidate in these
background events can originate either from a tp,q decay (true-7haq4.vis), Or from a jet, an electron or a
muon misidentified as a Tpag.vis candidate (fake-Tpad.vis). Simulated event samples are used to model
background events containing true-Tpaqd.vis and events with an electron or a muon misidentified as a Thaq.vis
candidate. The processes that contribute most to background events with fake-h,q.vis candidate are #¢ and
multi-jet production. In 77 events, fake-Tha4.vis candidate typically originate from quark-initiated jets from
the top-quark decay. In multi-jet events, both quark- and gluon-initiated jets are a source for fake-Thaq-vis
candidates. Events with fake-7y,4.vis candidate in ¢7 and multi-jet production are estimated from techniques
relying on both simulated events and data, described in the Ref. [36], which prove to provide an accurate
modelling of the variables used for the event categorisation and multivariate techniques described in this
Section. The estimate of this background relies on a good description of the fundamental properties of T
leptons in the three analysis SRs, which are unchanged compared to Ref. [36]. The modelling of events with
fake-Tha4.vis candidate from background processes other than ¢7 and multi-jet production is performed using
MC simulation, as they represent a minor contribution to the total background. The changes introduced to
the MC simulation detailed in Section 3 are found to have a negligible impact on the data-driven estimate
of the background.

3 The invariant mass of the 7-lepton pair (mlﬂwc) is estimated using the Missing Mass Calculator (MMC) [62].
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Figure 3: Predicted and observed m, distributions in the CR after the fit described in Section 6. The normalisation
and shape of the backgrounds and the uncertainty in the total background are shown as determined from the likelihood
fit to data described in Section 6. The background processes named “Other” contain contributions from Z-boson
production in association with less than two jets initiated by b or ¢ quarks, W-boson production, vector boson
pair production, 1#W and ¢7Z production and single Higgs production processes. The uncertainty band includes
the statistical and systematic uncertainties of the total background. The dashed histogram shows the total pre-fit
background. The lower panels show the ratio of data to the total post-fit sum of signal and background, where the
hatched bands show the statistical and systematic uncertainties of the sum of signal and background contributions.

4.2 Event categorisation

Events selected in each SR described in Section 4.1 are split into three separate categories. To enhance the
sensitivity to the coupling modifier x,y, 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 categorisation BDTs in the following. The distribution of
the invariant mass of the HH system (mpyy) in ggF HH events is significantly affected by the value of
xa. Hence, events not falling in the VBF category are split in two mypy categories, targeting ggF HH
production with «, values close to the SM expectation (ggF high-mgg) or significantly different from
it (ggF low-mpgg). The three categories 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 — bb decay. These events are used to train the categorisation BDTs to separate ggF and VBF
HH production modes in event topologies with additional jets. Events passing 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 categorisation BDTs are built using the Toolkit for Multivariate Data Analysis (TMVA [64]) using ggF
HH events as signal and VBF HH events as background, normalised to their respective SM cross-section.
A dedicated version of the BDT is trained in each SR respectively. In order to make use of the complete
set of simulated events for the BDT training, optimisation and evaluation, the events are split into three
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Figure 4: A flowchart summarizing the definition of the ThadThad SR, the TiepThag SLT SR, the TjepThag LTT SR and the
dedicated CR defined in Section 4. The flowchart shows the selection criteria applied to define the corresponding
ggF low-mppy, ggF high-my gy and VBF categories for each analysis SR, leading to a total number of nine analysis
categories and an additional CR.

samples of equal size, A, B and C. The performance of the BDTs trained on sample A (respectively B, C),
is optimised 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 in 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 [65] computed from the binned distribution of the BDT discriminant.

The minimal set of training variable that optimises the BDT separation power is determined starting from
a small set and iteratively adding variables one at a time from a pre-defined list of candidate variables.
The variable leading to the largest increase (or minimal decrease*) in significance z is included, until no
changes are observed. The starting set of variables includes the invariant mass of the VBF jets, defined
as the two jets with the highest p not associated with the H — bb decay, and their pseudorapidity gap

(An}’JBF). The final set of variables for the categorisation BDTs in each SR is summarised in Table 2. It

includes the product of VBF jet pseudorapidities, their angular separations (A¢>’}3F and AR}’JBF) and mypg.
In addition, the Fox-Wolfram moments f; of i-th order [66] as well as their modified definitions for usage
in hadron collider experiments &; [67] are able to further increase the separation power, together with the
centrality” (C) and the invariant mass (mgg) of the system composed by the selected 7 leptons, the missing
transverse momentum vector ﬁ‘TniSS and the selected jets. The predicted and observed distributions of the
resulting BDT scores are shown in Figure 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 optimised

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

improving the BDT sensitivity are retained.
2 pr(i)
5 The centrality of a set of four-momenta of index i is defined as C = W
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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 x; and «py from the likelihood fit
described in Section 6. The categorisation BDT cut values are set to 0.1, —0.13 and —0.1 for the ThaqThad,
TlepThad SLT and 7iepThag LTT SRs, respectively.

Table 2: Input variables for the categorisation 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 7-lepton candidates and the p?iss
vector. For variables with a ¢, only the four-momenta of central jets, i.e. jets with |r| < 2.5, are included, while an a
indicates that all available jets are included.

Variable ThadThad ~ TlepThad ST TiepThaa LTT
mPF v v v
AnYEF v v v
VBF 1o X 1 v v
sy

ARJPF v v
AR, v

MyH v

5 v

ce v v
Mg v v
fo v

fo' 4
h§ 4

Events not retained in the VBF category are split into low-m gy and high-m gy categories targeting ggF
HH production. While the ggF HH cross-section increases for x; values larger than the SM expectation
and close to the current experimental sensitivity (x; ~ 6 [34]), the softer myy spectrum leads to smaller
detector acceptance and selection efficiency. The event split in different regions of m gy allows to partially
disentangle these effects, improving the sensitivity to higher «; 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.

4.3 Multivariate discriminants

Based on the event categorisation described in Section 4.2, 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. For each SR, a dedicated version of the BDT is
constructed for each analysis category separately, leading to nine different BDTs®. In the ggF high-m and

6 One dedicated BDT is trained for each analysis SR (Thad Thad» TlepThad SLT, TlepThad LTT) and each category (ggF low-mpy g,
ggF high-m g g and VBF), leading to 9 separate BDTs.
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Figure 5: Predicted and observed distributions of the categorisation BDT scores in the ThaqThad (@), TiepThaa SLT (b)
and TiepThad LTT (¢) SRs, for all candidate VBF events. The background distributions are shown at post-fit level
as obtained from the combined likelihood fit to data described in Section 6. The background processes named
“Other” contain contributions from Z-boson production in association with less than two jets initiated by b or ¢
quarks, W-boson production, vector boson pair production, 1tW and t7Z production. The ggF and VBF HH signal
distributions are overlaid and scaled to the factor indicated in the legend times the SM expectation. The hatched band
indicates the combined statistical and systematic uncertainties of this prediction. The dashed histogram shows the
total pre-fit background. The lower panels show the ratio of data to the total post-fit sum of signal and background,
where the hatched bands show the statistical and systematic uncertainties of this prediction.

VBEF categories, the signal corresponds to the ggF and VBF SM production of HH pairs, respectively. In the
ggF low-mpy g category the signal is defined as ggF HH production with k3 = 10. During training, the sum
of all backgrounds normalised to their respective cross-sections is used. The backgrounds containing one
Of MOTe Thyd.vis from misidentified quark- or gluon-initiated jets are modelled using simulation, except for
the multi-jet background in the TagThag category, where the data-driven estimate introduced in Section 4.1
is used. The BDTs evaluated in the low-m gy and high-m gy 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 VBF and ggF categories to maximise the available sample size.

In order to make use of the complete set of simulated events for the BDT training, optimisation and
evaluation, the events are split into three samples, following the same procedure described in Section 4.2.
The number of trees and their depth are chosen to maximise 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 in order to maximise 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 Section 4.2. In each analysis SR and
category the starting set includes the following variables: the invariant mass of the two selected b-jets
(mpp), the invariant mass of the r-lepton pair (m%MC), the mpy gy reconstructed from the selected b-jet
and 7-lepton pairs, the angular separation between b-jets (ARp,) and between 7-leptons (AR, ;). In the
TlepThad LTT high-mpy g category ARy, is not included, and in the 7jepThaq LTT VBF category both ARy,
and AR, are removed. Additional variables included in the BDT training through a z-based optimisation
as described in Section 4.2 can be grouped in several categories. Variables that require the presence of a
charged lepton are not included for the Th,qThaq SR. Higgs boson candidates H are reconstructed from either
b-jet or T-lepton pairs. For the low-m gy and high-m gy categories, variables describing the kinematic
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properties of the selected b-jets and 7-leptons are included: the transverse momentum of the leading and
subleading b-jets and 7 leptons, along with the pseudorapidity of the 7 leptons and the transverse mass of
the each 7 lepton and the ﬁ?m. The angular separation between the (sub)leading b-jet and the (sub)leading
7 lepton is included, along with the angular separation between the leading b-jet and the subleading
7 lepton, the pseudorapidity separation and the transverse momentum difference between the selected
7-lepton candidate and the charged lepton. Variables related to the reconstructed H candidate topologies
include: the azimuthal angular separation between the b-jet pair and the 7-lepton pair, and between either
the b-jet or the T-lepton pair and the magnitude E%ﬁss of ﬁ?i“, the azimuthal angle of the selected b-jet with
respect to the H candidate rest frame, along with the transverse momentum of the b-jet and 7-lepton pairs.
Variables describing the hadronic activity in candidate events, such as the number of selected hadronic
jets, the scalar sum of jet transverse momenta (Hr), the effective mass of the 7-lepton pair and all jets
with |n| < 2.5, the ErTniSS, the stransverse mass [68] (M73), the azimuthal angular separation between the
selected charged lepton and the p'**. Additional variables are included to characterise event properties,
such as the transverse mass of the W boson candidate in the 7iepThad SRS (defined as the transverse mass of
the selected lepton and the ﬁ%‘iss), the topness variable [69], the reduced invariant mass of the HH system
(defined as my, ;; = mpgpy — mpp — mlﬂwc + 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 /mp, where my is the H candidate
invariant mass), the transverse momentum of the reconstructed HH system and the effective mass of the
HH decay products. Dedicated variables describing characteristic event configurations are included via
a selection of Fox-Wolfram moments (as defined in Section 4.2), circularity, sphericity and planar flow
variables reconstructed from the HH decay products. Finally, the b-tagging information is provided by
the quantile distribution of the DL 1r 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 2 are also included, along with
circularity, sphericity and planar flow variables reconstructed from the 7-lepton pair and all selected jets, to
target the specific features of VBF HH events.

S Systematic uncertainties

While the largest source of uncertainty in this analysis comes from the limited amount of data, systematic
uncertainties can affect the signal and background estimates. Uncertainties originating from the detector
response in the selection and reconstruction of the objects used in this analysis are included as documented
in Ref. [36]. Statistical uncertainties in the predicted background processes are modelled using a simplified
version of the Beeston-Barlow technique [70], in which only the uncertainty in the total background
contribution in each bin is considered. An uncertainty on the full Run 2 integrated luminosity of 0.83% [41],
from measurements using the LUCID-2 [71] detector, is assigned to physics processes whose normalisations
are taken from simulation.

For all processes whose estimation relies on MC simulation, the impact of various sources of theoretical
uncertainties on 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 Section 4.3 is considered. The total normalisation
of tf and Z + HF backgrounds is determined via the likelihood fit described in Section 6, therefore no
uncertainty is included for their cross-section calculation. For ¢7 and Z + HF backgrounds, the uncertainty
on the fractional contribution in each analysis category is computed as the relative variation in acceptance
with respect to the dedicated CR introduced in Section 4, while for other processes this is evaluated as
the absolute acceptance variation in each analysis category. To assess an uncertainty on the shape of the
BDT output, a dedicated rebinning algorithm is applied to ensure that only statistically significant shape
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variations are considered. In the signal-like 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-like 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 on the fractional contribution in
each analysis category is correlated with the uncertainty on the shape of the BDT score in the corresponding
category, in the likelihood fit described in Section 6. All sources of uncertainty are evaluated separately
and correlated across the three analysis SRs. The uncertainties on the SM cross-section calculations for
all processes are unchanged with respect to Ref. [36], along with the full uncertainty estimate for smaller
background processes including Z+light-flavour jets, W+jets, diboson and single-top-quark production in
the s— and #—channels.

The 7 hard-scatter and parton-shower uncertainties are evaluated by comparing the nominal sample
with samples generated using MADGRAPHS_AMC@NLO +PyTHiA 8 and PowHEG Box v2 +HERWIG 7,
respectively. The hard-scatter uncertainty also accounts for uncertainties in the matching and merging of
the matrix-element calculation with the parton-shower algorithm. The uncertainty on missing higher-order
QCD corrections and the modelling of initial state QCD radiation is assessed via independent variations of
the renormalisation and factorisation scales in the hard-scatter calculation, of the showering tune VAR3c
parameter [45] and of the hdamp7 parameter, while for the modelling of final state QCD radiation alternative
choices of factorisation and renormalisation scales in the showering algorithm are considered. Finally,
uncertainties on the PDF and the value of the strong coupling constant a5 are also evaluated. All sources
of uncertainty have an impact on the shape of the BDT score and the ¢7 fractional contribution in each
analysis category, with the largest effect due to parton-shower variations ranging between 1% and 10% of
the nominal values depending on the analysis category and SR.

For Z + HF processes the uncertainty on the modelling of the hard scatter and the parton shower are
evaluated by comparing the nominal sample with a MADGrRAPHS_AMC@NLO +PyTHIA 8 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 [72]. The A14 parton-shower tune and the NNPDF2.3L0 PDF set are used for this alternative
sample. Uncertainties from missing higher-order QCD corrections are evaluated with renormalisation and
factorisation scale variations from the nominal samples, along with PDF and @y variations. The effect of
higher-order electroweak corrections for Z + HF processes is found to be negligible, and thus not included.
Uncertainties on 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 + HF fractional contribution in each analysis category, with the
largest effect due to renormalisation and factorisation scale variations ranging up to 13% of the nominal
values depending on the analysis category and SR. The uncertainty on the modelling of the hard scatter
and the parton shower, from the comparison with the alternative MADGrRAPHS_AMC@NLO +PyTHiA 8,
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 m,
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 dedicated 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 7 lepton pair selected from the MC truth record.

7 The hdamp parameter regulates the pr of the first additional emission beyond the Born configuration in the Pownec Box
generator, controlling the matching of the matrix element to the parton shower.
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For single-top-quark processes only uncertainties related to the Wr—channel are considered, as it is
found to be dominant compared with s— and #— channel contributions. The hard-scatter and the
parton-shower uncertainties are evaluated by comparing the nominal sample with alternative MAD-
GraPHS_AMC@NLO+PyTHIA8 and PowHEG+HERWIGT samples. The uncertainty on the modelling of
QCD radiation is evaluated by varying the showering tune Var3c, along with independent variations
of the renormalisation and factorisation scales in the hard-scatter and parton-shower calculations. The
uncertainty related to the interference between the ¢7 and the Wr—channel single-top-quark processes is
evaluated by comparing the nominal W¢-channel sample produced with the diagram removal scheme to
an alternative sample produced with the diagram subtraction scheme [73]. Finally, uncertainties on the
PDF are also evaluated. All sources of uncertainty have an impact on the W¢—channel single-top-quark
fractional contribution in each analysis category. Variations due to the uncertainty on the W¢—channel
interference scheme range from 1% to 7% in the low-m gy categories, from 23% to 29% in the high-m gy
categories and from 14% to 34% in VBF categories. Uncertainties on the Wz—channel interference scheme
are also evaluated on the shape of the BDT score, rather than on the pr of the b-tagged jet pair as in
Ref. [36]. The hard-scatter and parton-shower uncertainties range from 15% to 36% on the W¢—channel
fractional contribution, depending on the analysis category and SR. Uncertainties on the modelling 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 normalisation of single-Higgs-boson in the ggF, VBF and
associated production WH mechanisms where the Higgs boson decays into 7-lepton pairs, to account for
difficulties in the modelling of these processes in association with heavy-flavour jets [74, 75]. Uncertainties
from missing higher-order QCD corrections are evaluated with independent variations of the renormalisation
and factorisation scales from the nominal samples, along with PDF and ag variations. Parton-shower
uncertainties are evaluated by comparing the nominal sample to alternative PowHeEG+HERWIGT samples for
associated production ZH and rfH processes. For t7H processes the hard-scatter uncertainties are derived
by comparing the nominal samples to MADGRAPHS_aAMC@NLO+PyTH1AS8 predictions, and uncertainties
on the modelling of QCD radiation are assessed via variations of the showering tune VAr3c, along with
independent variations of the renormalisation and factorisation 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 ZH and
ttH processes.

For the SM ggF and VBF HH signal processes, uncertainties from missing higher-order QCD corrections
are assessed via independent variations of the renormalisation and factorisation scales in the hard-scatter
calculation, along with PDF and @ variations. Parton-shower uncertainties are evaluated by comparing the
nominal samples with alternative PowHec+HErRw1G7 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 single-Higgs-boson and HH
processes [28] follow the same approach detailed in Ref. [36], along with uncertainties on the H — bb and
H — t*1~ branching ratios [76].

A dedicated uncertainty on the reweighting method applied to the ggF HH samples to model alternative
« 1 hypotheses, described in Section 3, is defined via a comparison of the SM ggF HH samples with an
alternative sample generated assuming «; = 10. The SM sample and the x; = 10 sample are reweighted to
a wide range of k, 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 k; = 0
and k, = 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
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VBF categories arises from the m g gy-based reweighting method not accounting for additional radiation
produced with the HH pair, to which the categorisation BDTs are highly sensitive. The linear combination
of VBF HH samples described in Section 3 has been found to accurately model alternative «, and «oy
hypothesis, therefore no dedicated uncertainty is considered.

The estimate of systematic uncertainties affecting the data-driven background follows the approach described
in Ref. [36]. Uncertainties on 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.

6 Results

The statistical procedures applied for extracting results are the same as in Refs. [34, 36]. The global
likelihood function L(a, 6) 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 Section 4, together
with the m¢, distribution in the dedicated CR. The set a contains the parameters of interest (POI) of the
measurement, while 6 is the ensemble of nuisance parameters, corresponding to systematic uncertainties
constrained by auxiliary measurements in control regions or by theoretical predictions, or to parameters
such as the ¢7 and Z + 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
at the same time preserving a sufficiently large number of background events in each bin, similarly to
Ref. [36]. Starting from finely-binned histograms, bins are iteratively merged starting from the most
signal-like bins until they satisfy the condition of 10f; +5f;, > 1, where f and f, are the fractions of signal
and background contained in the bin, respectively. The relative statistical uncertainty on the predicted
background contribution has to be below 20%, and at least three expected background events are required
per bin. The m, 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 A(«, 8) as the test
statistic, computed from the likelihood function in the asymptotic approximation [65], where the POI «
are the coupling modifiers x. The procedure adopted in Ref. [34] is used to set constraints on k,; and «,v,
expressed as 68% and 95% Cls. Signal strength upper limits are derived using the CLg method [77] with
the procedure described in Ref. [36]. Upper limits are set on the overall ug g and on the separate signal
strength parameters fgoF = O goF/ o_gl\g and pver = ovBr/ a\s,l};AF. The expected results are obtained with
Asimov datasets [65] 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
hypothesis under test. The asymptotic results are found to agree within 7% with the upper limits obtained
using pseudo-experiments. Figure 6 shows the BDT score distribution in the nine orthogonal categories,
after performing the maximum likelihood fit to data for the L(ugpy, 8) function. Good agreement between
the data and the prediction is found within the assessed uncertainties.
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Figure 6: Predicted and observed distribution of the BDT score in the low-m g (left), high-m gy (middle column)
and VBF (right) categories of the ThagThad (top), TiepThad SLT (middle row) and TiepThaa LTT (bottom) SRs. The signal
and background distributions are shown at post-fit level as obtained from the combined likelihood fit to data described
in Section 6. The “SM HH” signal contribution is scaled to the fitted signal strength ugy 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 pre-fit background.
The lower panels show the ratio of data to the total post-fit 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 visualisation purposes each bin is displayed with uniform width and the x-axis
indicates the bin number.
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The maximum likelihood estimator for the total H H production signal strength is foundtobe figy = 2.2+1.7
by the combined fit to data. The uncertainty on the fitted signal strength is obtained from the variation of
log-likelihood-based test statistics A by one unit, and includes both statistical and systematic uncertainties.
The maximum likelihood estimator for the unconstrained normalisation factor of the ¢ and Z + HF
backgrounds are measured at 0.96 + 0.03 and 1.34 + 0.08, respectively, by the combined fit to data. An
observed 95% CL upper limit of 5.9 is set on upypy, to be compared with an expected limit of 3.1 in the
background-only hypothesis. From the simultaneous fit of ug.r and pygr, observed (expected) 95% CL
upper limits are pgr < 5.8 (3.2) and pypr < 91 (72), respectively, for each production mode, under the
assumption that the signal strength parameters can vary independently for each production mode. If pypp
is fixed to the SM prediction, the observed (expected) 95% CL upper limit is pgor < 5.9 (3.2). Similarly,
if pgor is fixed to the SM prediction, the observed (expected) 95% upper limit is pyvgr < 94 (71).

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 summarised in Table 3 and Figure 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 with the m,,
distribution from the dedicated CR. The observed limit on ugygy from the combined fit is looser than
the expected one as a result of an excess in the TiepThaa SLT SR, in the high-my gy category. The local
significance of this excess with respect to the SM hypothesis (ugg = 1) is 2.30, as obtained from the
individual fit of the TjepThag SLT SR.

T T T T L I T T T T LI I T
ATLAS Preliminary e Observed +1o
= 51 o Expectedpu=0 +20
/s=13TeV, 140 b 2 Expected =1
HH - bbtt
B Obs. (Exp.)
TiepThaa LTT de 22 (20)
TiepThag SLT o . 16 (6.4)
ThadThad o | 3.4 (3.9)
Combined o i e 59 (3.1)
1 1 1 o 1 11 11 I 1 1 1 1 1111 I 1
1 10 10°

95% CL upper limit on M

Figure 7: Summary of observed (filled circles) and expected (open circles) 95% CLs upper limits on pugyg from the
fit of each individual channel and the combined fit in the background-only (ugg = 0) hypothesis. The dashed lines
indicate the expected 95% CLs upper limits on g in the SM hypothesis (ugg = 1). The cyan and yellow bands
indicate the =10 and +20 variations on the expected limit with respect to the background-only hypothesis due to
statistical and systematic uncertainties, respectively.

The observed and expected values of —2Alog(L) as a function of the coupling modifiers x, and «,y are
shown in Figure 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 k, € [-3.2,9.1] ([-2.5,9.2]) (assuming
koy = 1) and koy € [-0.4,2.6] ([-0.2,2.4]) (assuming «, = 1). Additional constraints are set on x; and
k2y under the assumption that both coupling modifiers can vary simultaneously. The resulting observed
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Table 3: Observed and expected 95% CL upper limits on g g, peer and pypr from the individual SR likelihood
fits as well as the combined results. The uger and pypr limits are quoted both from the results of the simultaneous
fit of both signal strengths (central column), as well as from independent fits for the individual production modes,
assuming the other to be SM-like. The uncertainties quoted on the combined expected upper limits correspond to the
1o uncertainty band.

MHH ' HggF  MVBF ' HgeF (UvBF=1) pvBF (Hger=1)
observed 34 |, 36 87 3.5 80
Thad Thad | [
expected 39 1+ 4.0 103 39 101
,,,,,,,,,,,, L - - L Ll
| |
TiepThaa SLT observed 16 | 17 133 | 17 155
expected 6.4 | 6.6 128 | 6.5 125
,,,,,,,,,,,, .
observed 22 18 767 21 731
TlepThad LTT : :
expected 20 0+ 21 323 20 317
| |
Combined observed 5.9 | 5.8 91 | 5.9 94
expected 3.1%03 | 3200 T2HR 1 3270 71430

and expected two-dimensional 68% and 95% contours are shown in Figure 9. The observed and expected
constraints on «, are affected by the issue concerning the ggF HH prediction for BSM scenarios in POWHEG
reported in Ref. [78] and resolved in Ref. [79]. 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 change
described in Ref. [79], the width of the 95% CI on «, changes by less than 5%. The results reported in this
note do not include the change to the BSM ggF HH prediction described in Ref. [79].

T LTI T B T L R RS KRR RR
S 9E - 3 S gE . 3
o E ATLAS Prelminary Exp. 95% CL 3 o E ATLAS Prelminary Exp. 95% CL E
S 8F s =13TeV, 140" [-2.5,9.2] - ] 8F s =13TeV, 140 b [-0.2,2.4] -
' E HH - bbrtt Obs. 95% CL 3 ! E  HH - bbtr Obs. 95% CL E
e [3.2,9.1] E e [-0.4, 2.6] E
o 3 ot ' 3
5 E 5t E
ab 95% CL3 = 95% CL3
3 E 3 E
2 E 2 E
£ 68% CL ] £ 68% CL ]
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(a) (b)

Figure 8: Values of —2Alog(L) for different x, (a) and «,y (b) hypotheses obtained from fits to the data (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.

As in Ref. [36], the analysis sensitivity is primarily limited by the statistical uncertainty of the data. The

leading systematic uncertainty on the measurement of p gy is the uncertainty on the ggF HH production
cross-section arising from variations of the QCD scales and the top-quark mass scheme. The next leading
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Figure 9: Likelihood contours at 68% (dashed line) and 95% (solid line) CL in the (x,, ko) parameter space, when
all other coupling modifiers are fixed to one. The corresponding expected contours are shown by the cyan and yellow
shaded regions. The SM prediction is indicated by the star, while the best-fit value is denoted by the black cross.

sources of uncertainty are the statistical precision of the background MC samples and the uncertainty related
to the interference between the Wr and ¢7 processes. The combined impact of all sources of systematic
uncertainties leads to an increase in the expected upper limits on the signal strength pg g by 24% and to a
widening of the expected 95% CI for k,; and x,y by 9% and 2%, respectively, with respect to the case in
which systematic uncertainties are neglected (excluding the ¢# and Z + HF floating normalisation and MC
statistical uncertainties).

Based on a consistent statistical procedure for evaluating the 95% CIs and CLs as described at the beginning
of this section, these results can be compared with the previous analysis of Ref. [36]. The approach
presented in this note leads to an increase (reduction) of the observed (expected) upper limit on the signal
strength pg g by 25% (20%), 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 «, is reduced by
< 1% (10%) and the width of the observed (expected) CI for xpy is reduced by 2% (19%) compared to the
previous analysis.

The compatibility, considering statistical and systematic uncertainties, between the upper limit at 95% CL
on the signal strength g g from this study and that of Ref. [36] is evaluated using a bootstrap technique [80]
separately for the independent SR fits and for the combined fit. The compatibility between the two results
is at the level of 1o for the individual fit of the ThagThaa SR, of 2.50 for the individual fit of the 7jepThaq SLT
SR, and of 0.1¢ for the individual fit of the 7jepThag LTT SR. The compatibility is at the level of 0.8¢0 for
the combined fit.

7 Effective field theory interpretation

Effective field theory approaches can be employed to parametrise effects of new particles and anomalous
couplings on the HH production rates as well as Higgs boson decay rates, assuming that the energy scale
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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) are presented in this section, following closely the
procedure in Refs. [37, 81].

Cross-section limits are placed on the seven m gy shape benchmark models defined in Ref. [82]. These are
constructed with a clustering algorithm in order to represent distinct shapes of the m gy spectrum that can
be obtained by varying five Wilson coefficients in the HEFT framework [83]. The Wilson coefficient of the
only considered anomalous coupling that affects VBF HH production at NLO precision is cppp, Which is
equivalent to «,;. Due to the much smaller overall expected yield compared to ggF HH production, as
well as the decorrelation of the two production modes through the event categorisation, the impact of VBF
HH contribution on the m gy shape benchmark limits is expected to be negligible, even when taking cppp
variations into account. Hence, it is ignored in the following, i.e. uvgr 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 between the differential NLO cross-section (in m g ) predicted by the SM and
the hypothesis of interest. These weights are taken from Ref. [82]. Possible effects of the anomalous
couplings on the Higgs boson branching fractions are neglected. Uncertainties on the ggF HH event
yield related to the reweighting procedure are adopted from Ref. [84]. Additionally, the signal modelling
uncertainties are evaluated for each signal configuration, as described in Section 5. The 95% CL upper
limits on the ggF HH cross-section limits assuming the different benchmark m gy shapes are summarised
in Figure 10. The following changes are made in the fit model with respect to the measurement of signal
strength limits described in Section 6. The ggF HH prediction is replaced depending on the benchmark
scenario, while the contribution from VBF H H production is neglected. Moreover, as this is a cross-section
measurement, no uncertainties on the ggF HH production cross-section are taken into account. In general,
it is observed that lower average signal m gy values, as represented by benchmarks 1 and 2, lead to weaker
constraints.

The observed and expected constraints on the ggF HH cross-section limits assuming the HEFT shape
benchmarks shown in Figure 10 are affected by the issue concerning the ggF HH prediction for BSM
scenarios in POwHEG reported in Ref. [78] and resolved in Ref. [79]. 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 change described in Ref. [79], the expected limits changes by less than 10%. The results
reported in this note do not include the change to the BSM ggF HH prediction described in Ref. [79].
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Figure 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 cyan and yellow bands show the +10" and +20" variations on the expected upper
limit. The contribution from VBF HH production is neglected for this result.

8 Conclusion

An updated search for non-resonant Higgs boson pair production in the bbt*7~ final state has been
performed using the full Run 2 ATLAS dataset, corresponding to 140 fb~! of proton-proton collisions at
a centre-of-mass energy of 13 TeV. The results supersede those of a previous search based on the same
dataset described in Ref. [36]. Compared with the previous publication, the event classification has been
reoptimised to enhance the sensitivity to «, as well as to the VBF production mode. Improved multivariate
classifiers are used to build the final discriminants, increasing the sensitivity to SM HH production and to
anomalous values of the coupling modifiers «, and x,y. The analysis sensitivity is improved by 10% to
20%, depending on the parameter of interest. Results interpreted in terms of ggF and VBF production
modes have been added, compared to the results of Ref. [36]. The statistical procedure for the interpretation
of the observed yields in terms of the signal coupling modifiers has also been updated.

No evidence of HH signal is found. An observed 95% CL upper limit of 5.9 is set on the HH production
signal strength ug g, to be compared with an expected limit of 3.1 in the background-only (ugg = 0)
hypothesis. The observed limit on ugg is looser than the expected one as a result of a mild excess in
the TiepThaa SLT SR, in the high-mp g category. The corresponding observed (expected) 95% confidence
intervals for the self-coupling modifier x; and the quartic coupling modifier «,y are —3.2 < x4 < 9.1
(2.5 <ky <9.2)and -0.4 < koy < 2.6 (-0.2 < kpy < 2.4), respectively.
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