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Search for triple Higgs boson production in the 6b final state using pp
collisions at /s =13 TeV with the ATLAS detector
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A search for the production of three Higgs bosons (HHH) in the bbbbbb final state is presented. The
search uses 126 fb~! of proton-proton collision data at /s = 13 TeV collected with the ATLAS detector at
the Large Hadron Collider. The analysis targets both nonresonant and resonant production of HHH. The
resonant interpretations primarily consider a cascade decay topology of X — SH — HHH with masses of
the new scalars X and S up to 1.5 and 1 TeV, respectively. In addition to scenarios where S is off-shell, the
nonresonant interpretation includes a search for Standard Model HHH production, with limits on the
trilinear and quartic Higgs self-coupling set. No evidence for HH H production is observed. An upper limit
of 59 fb is set, at the 95% confidence level, on the cross section for Standard Model HHH production.
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I. INTRODUCTION

Since the discovery of the 125 GeV Higgs boson
(H) [1,2] at the Large Hadron Collider’s (LHC) ATLAS
and CMS experiments, a core part of the LHC research
program has been to investigate the properties of the Higgs
boson and establish if they are in agreement with the
predictions of the Standard Model (SM) [3.4]. Two key
parts of the SM Higgs mechanism are the trilinear (43) and
quartic (44) self-coupling constants, which are a crucial part
of the electroweak symmetry breaking mechanism and
determine the shape of the Higgs field potential. Higgs self-
coupling modifiers k3 and x, are introduced using the x
framework, in which they are defined as x; = 4,/23M for
i =3, 4, such that x; = 1 corresponds to the couplings
predicted by the SM [5]. Combinations of searches for di-
Higgs production constrain k3 (also often referred to as x;)
to be between —1.2 and 7.2 at the 95% confidence level
(CL) [3,4,6]. The most recent combination of results for
single- and di-Higgs production further constrains k3 to be
between —0.4 and 6.3 (when other Higgs boson couplings
are assumed to have their SM values) [7]. However, there
have been no experimental constraints on A, or its relation
to A5 prior to the results presented in this paper. Searches for
HHH production have been proposed in Refs. [8,9], which
specifically identify the six b-jet final state as a suitable
channel and explore the possibility of constraints on 4, and
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A3. A recent comprehensive white paper [10] explores
additional channels and identifies key challenges for future
HHH searches.

This paper presents searches for the simultaneous
production of three Higgs bosons—tri-Higgs (HHH)—in
the six b-jet final state. Data collected during Run 2 of the
LHC by the ATLAS experiment [11] between 2016 and
2018 are used. As well as a unique dependence on 4, and a
dependence on 13, HHH provides new sensitivity to
Beyond SM (BSM) physics with extended scalar sectors.
The results are interpreted in terms of three benchmark
models.

First, SM-like scenarios are considered to place con-
straints on the Higgs self-coupling modifiers x5 and 4. All
leading-order gluon-gluon fusion (ggF) production modes
represented in Fig. 1 are included.

Second, scenarios extending the SM by adding two real
scalar bosons X and S are probed, which are hypothesized
in several BSM models. The mass ranges 325 < my <
575 GeV and 200 < mg < 350 GeV are considered and,
by convention, my > myg. In this interpretation, the mass
ranges are chosen to fulfill perturbative unitarity
bounds [12]. The scenarios include cases in which either
resonant or nonresonant production is dominant. All
leading-order ggF production modes (illustrated in
Fig. 1) are considered, including interference between all
diagrams, both BSM and SM. Models including the two
real scalar model (TRSM) [12,13] and a “simple model
for dark matter and CP violation” (DM-CPV) [14] feature
this extension to the SM. For suitable parameter choices,
the HHH production cross section is preferentially
enhanced without increasing single- or di-Higgs production
beyond experimental constraints. Negligible differences are
found in the HHH event kinematics between the TRSM
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FIG. 1. Leading-order Feynman diagrams for gluon-gluon fusion

triple Higgs boson production. The symbols /; and /; represent any
of the SM Higgs H or heavy scalars, X and S. The resonant cascade
decay is shown in (a), direct resonant triple Higgs production is
shown in (b), resonant di-higgs production in association with a
single Higgs boson is shown in (c) and fully non-resonant
production is shown in (d). For the case where h; = h; = H, the
solid circle indicates the trilinear self-coupling 45, and the open
circle indicates the quartic-linear self-coupling 4.

and DM-CPV models, so Monte Carlo (MC) simulated
events are generated only in the TRSM, as described in
Sec. III, and results are interpretable in both models.

Finally, scenarios with resonant production of generic
heavy spin-0 bosons X and S are also considered, with
masses my > mg, covering 550 < my < 1500 GeV and
275 < mg < 1000 GeV. The search covers benchmark
scenarios in which both particles have either a narrow or
wide decay width, with resonances that have a width below
or just above the detector resolution, respectively. Only
resonant ggF production [Fig. 1(a)] is chosen for consid-
eration to give a simplified treatment and avoid the large
contributions from nonresonant diagrams at leading order
in the TRSM. This interpretation allows the search to probe
generically for resonances that lie beyond the masses
permitted by the TRSM benchmark.

To enable these interpretations, the analysis is divided
into three searches based on the kinematics of the signal
models considered: “nonresonant,” “resonant,” and “heavy
resonant.”” The nonresonant search is used for the TRSM
parameter space dominated by nonresonant production and
the SM-like interpretation, the resonant search is used for
the TRSM parameter space dominated by resonant pro-
duction, and the heavy-resonant search is used for the
generic heavy-resonance signal models. Each search fol-
lows the same general analysis strategy. Deep neural
network (DNN) classifiers are trained to discriminate
between the relevant signals and the SM background.
The dominant SM background process in all searches is
the quantum chromodynamics (QCD) multijet production,
which is estimated by using an entirely data-driven
approach based on an extrapolation between different

b-jet multiplicities. To obtain the final results in each
search, a profile likelihood fit is performed over the binned
DNN score distribution.

The structure of this paper is as follows. In Sec. II, the
ATLAS detector is described, followed by a summary of the
data and MC simulated events used in Sec. III. Section IV
explains how events are reconstructed, and Sec. V explains
the analysis strategy and how signal events are selected. In
Sec. VI, the estimate of the SM background is described,
followed by an explanation of the statistical interpretation in
Sec. VII. A summary of the uncertainties considered is
presented in Sec. VIII and, finally, the results and con-
clusions are provided in Secs. IX and X, respectively.

II. ATLAS DETECTOR

The ATLAS experiment [11] at the LHC is a multipur-
pose particle detector with a forward—backward symmetric
cylindrical geometry and a near 47 coverage in solid angle.'
It consists of an inner tracking detector (ID) surrounded by
a thin superconducting solenoid providing a 2T axial
magnetic field, electromagnetic and hadronic calorimeters,
and a muon spectrometer. The inner tracking detector
covers the pseudorapidity range || < 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 within the region |n| < 3.2. A
steel/scintillator-tile hadronic calorimeter covers the central
pseudorapidity range (|| < 1.7). The end cap and forward
regions are instrumented with LAr calorimeters for EM and
hadronic energy measurements up to || = 4.9. The muon
spectrometer (MS) 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 up to || = 2.7 and fast detectors for triggering
up to || = 2.4. The luminosity is measured mainly by the
LUCID-2 [15] detector, which is located close to the
beam pipe. A two-level trigger system is used to select
events [16]. The first-level (L1) 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 (HLT) that reduces the accepted
event rate to 1 kHz on average depending on the data-taking

'ATLAS 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 upwards. Polar
coordinates (r, ¢) are used in the transverse plane, with ¢ being the
azimuthal angle around the z-axis. The pseudorapidity is defined in
terms of the polar angle 0 as 7 = —Intan(0/2) and is equal to the

rapidity y = %ln(gf—gj) in the relativistic limit. Angular distance is

measured in units of AR = /(Ay)? + (A¢)?.

032006-2



SEARCH FOR TRIPLE HIGGS BOSON PRODUCTION IN THE ...

PHYS. REV. D 111, 032006 (2025)

conditions. A software suite [17] is used in data simulation,
in the reconstruction and analysis of real and simulated
data, in detector operations, and in the trigger and data
acquisition systems of the experiment.

III. DATA AND MONTE CARLO SIMULATIONS
A. Data and triggers

The proton-proton (pp) collisions used in this paper
were collected between 2016 and 2018, at a center-of-mass
energy of /s = 13 TeV. They correspond to an integrated
luminosity of 126 fb~!, with an uncertainty of 0.84% [18]
obtained using the LUCID-2 detector for the primary
luminosity measurements, complemented by measure-
ments using the inner detector and calorimeters. Only
events that satisfy data quality requirements that ensure
the stable operation of the ATLAS detector [19] were
considered.

Events from each year satisfy triggers requiring multiple
jets and b-tagged jets [20], which were implemented in
2016. These jets were reconstructed using the anti-k,
algorithm with radius parameter R = 0.4 [21,22]. Jets
originating from b-quarks were tagged using the MV2c20
(Mv2c10)algorithm in 2016 (2017-2018) [20] operating at
a 60%—70% identification efficiency, as measured using
simulated 77 events. For all years, the triggers used required
four jets with transverse momentum pr > 15 GeV and
|n| < 2.5 atthe L1 level. In 2016 and 2018, the trigger used
required two b-tagged jets and two additional jets at the HLT
level, all with pr > 35 GeV (2b + 2j). In 2017, a trigger
requiring three b-tagged jets and one additional jet at the
HLT level, all with pt > 35 GeV (3b + 1j), was used
instead. The triggers selected maximize the efficiency for
the resonant (my, mg) phase space within the TRSM
perturbative unitarity bounds. Different triggers were used
in different years due to changes in the online b-tagging
working points. Depending on the mass point and data-
taking year, the triggers used were 90%-98% efficient.
During 2016, a fraction of the data taking (8.3 fb~!) was
affected by an inefficiency in the trigger-level vertex
reconstruction, which reduced the efficiency of the algo-
rithms used to identify b-tagged jets; those events were not
retained for further analysis.

B. Signal models and event simulation

For all signal samples described in this section, MC
simulated signal events are generated using MadGraph [23]
2.9.5 at leading order in the strong coupling constant, using
the NNPDF3.0NLO parton distribution function (PDF)
set [24] with the A14 set of tuned parameters (tune) [25].
The H — bb branching fraction is taken to be 0.582, and its
total width is 4.088 MeV, corresponding to the SM values
for a Higgs boson mass of 125 GeV [26]. All events are
showered with Pythia 8.245 [27], and a generation-level filter

requiring at least four b—tagged2 jets with pp > 25 GeV is
applied.

For the SM-like interpretation in the nonresonant search,
a single sample is generated at (k3,k4) = (1,1). All
diagrams in Fig. 1 are included, fully accounting for
interference between them. The Higgs bosons are decayed
exclusively to bb. A reweighting [28] allows the sample
kinematics to be altered to reflect different values of x5 and
K4, which follows a similar procedure to that outlined in
Ref. [29]. The SM HHH ggF production cross section at a
center-of-mass energy of /s = 13 TeV is taken as o3 =
0.07970912 fb at next-to-next-to-leading-order (NNLO),
calculated by extrapolating cross sections at higher /s
values presented in Ref. [30] and including uncertainties
from missing higher-order corrections (+5%, —8%) and the
finite top quark mass approximation (+15%).

For the resonant and nonresonant searches, benchmark 3
of the TRSM, defined in Ref. [12], is used for signal
generation.3 Here, the SM is extended by two neutral CP-
even scalars, X and S. Interactions between X /S and non-
Higgs SM particles come via the mixing between the X/S
fields and the SM Higgs field, making the couplings
proportional to the SM-Higgs couplings. Here, by choice,
my > mg > my. The benchmark chosen sets the TRSM
parameters to maximize HHH production through a
resonant cascade decay gg - X — HS — HHH, though
all possible leading-order gg — HHH diagrams are gen-
erated together with interference. Typical values for the
branching fractions X — SH and S — HH are 45% and
70%, respectively. For more information, see Ref. [12].

For the TRSM signals, the Higgs bosons are decayed
inclusively using Pythia 8.245 [27]. A set of 27 (my, mg)
points are chosen within the perturbative unitarity
bounds of the TRSM, with 325 < my <575 GeV and
200 < mg <350 GeV. This includes two categories: 19
“resonant” points, where my > mg + my and mg > 2my,
such that the resonant cascade decay is on-shell and dom-
inant, and eight “nonresonant” points, where mg < 2my,
such that the resonant cascade is off-shell and nonresonant
diagrams become dominant.

The results of the resonant and nonresonant searches can
also be interpreted in the DM-CPV model, presented in
Ref. [14], using benchmarks 1 and 3 defined therein. These
benchmarks are defined to maximize HH H production and
can be extended across the same (my,mg) plane as the
TRSM. In the nomenclature of Ref. [14], X = h; and
S - ]’lz.

At the truth level, b-tagged jets are defined as jets which have
a b-hadron of pr > 5 GeV lying within a cone of size AR = 0.3
from their axis.

A more recent benchmark satisfying additional constraints
from the electroweak phase transition is presented in Ref. [31],
but the kinematic differences between the new benchmark and the
one used here are minimal.
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For the heavy-resonant search, more generic benchmark
models are considered, to represent a broader class of
possible BSM models to which this analysis is sensitive.
The TRSM benchmark 3 is used as a starting point, but only
the cascade resonance decay [Fig. 1(a)] is generated. The
widths of the X and S particles are set to 1% (20%) of their
masses, to define narrow (wide)-width signal models.
These modifications lead to generic signal samples that
no longer represent the TRSM.

The generic heavy-resonant signals are generated sim-
ilarly to the other models, but using MadSpin [32] for the
S — HH decay. The Higgs bosons are decayed exclusively
to bb. At each width, 45 samples are produced, with 550 <
my < 1500 GeV and 275 < mg < 1000 GeV.

For all generated signal events, the detector response is
simulated [33] using a fast parametrized simulation of the
calorimeters [34], and the full Geant4 [35] simulation for the
other subdetectors. Events are processed using the same
reconstruction software used for the data. The effect of
multiple interactions in the same and neighboring bunch
crossings (pile-up) is modeled by overlaying the simulated
hard-scattering event with inelastic pp events generated
with Pythia 8.186 [36] using the NNPDF2.3LO PDF set [37]
and the A3 set of tuned parameters [38].

IV. EVENT RECONSTRUCTION

For proton-proton collision events, primary vertices are
reconstructed using at least two charged-particle tracks
with pp > 500 MeV, measured in the ID [39]. The primary
vertex with the largest sum of squared track momenta is
assigned as the hard-scatter vertex.

Hadronic jets are reconstructed from particle flow
objects [40] using the anti-k, algorithm with a radius
parameter of R = 0.4. These are calibrated using a multi-
step procedure, as outlined in Ref. [41]. Jets are required to
have pp > 20 GeV and |5| < 2.5. To suppress jets origi-
nating from pile-up, a neural-network-based jet vertex
tagger (NNJVT) is used, which is an updated version
relative to the likelihood-based algorithm described in
Ref. [42]. Jets with 20 < pp < 60 GeV are required to
satisfy a selection on the NNJVT with a 0.88-0.99 prob-
ability of correctly identifying hard-scatter jets depending
on the pr, as evaluated in Z(— pu) + jet events with a
mean of 33.7 interactions per bunch crossing. Outside of
this p range, no NNJVT requirement is applied.

Jets originating from b-quarks are identified using a
DNN-based algorithm (DL1d) [43—45]. The identification
requirement used selects jets with pr > 20 GeV containing
b-hadrons, with an efficiency of 77%, and has a probability
of 0.38% (15.5%) of misidentifying light-flavor (charm)
jets, as determined in a sample of simulated ¢f events. The
b-tagging efficiencies in simulated events are corrected to
match those measured in data [46-48]. Uncertainties
related to the flavor-tagging selections are described in
Sec. VIIL

To account for energy lost to muons in semileptonic
b-hadron decays, amomentum correction [49] is applied. For
this purpose, muons are reconstructed. Muon candidates are
found by matching ID tracks with either MS tracks or aligned
individual hits in the MS and performing a combined track
fit [50]. They are required to have pr > 4 GeV, || < 2.5,
and to satisfy the Medium identification criteria defined in
Ref. [50]. If any muons are within a cone of AR =
min(0.4,0.04 + 10/ p% [GeV]) around the jet axis, their
four-momentum is added to that of the jet. Additionally,
the energy in the calorimeter deposited by the muons
(computed according to Ref. [51]) is subtracted from the
jet to avoid double counting.

Corrections are applied to all signal MC simulated events
to account for differences observed between the jet trigger
efficiencies in data and simulation. These corrections (scale
factors, SFs) are calculated from the ratios of event-level jet
trigger efficiencies in data and MC, which are in turn
constructed from per-jet trigger efficiencies. The efficiencies
are estimated in /7 MC simulated events and data satisfying a
rt-like event selection, with at least one top quark decaying
leptonically, and collected using triggers requiring one muon
and one jet to obtain an unbiased sample enriched in b-jets.
The 7t events are simulated using Powheg Box v2 [52-55] at
next-to-leading-order (NLO) with the NNPDF3.0nlo [24]
PDF set and A14 tune [25]. Pythia 8.230 [27] is used to model
the parton shower, hadronization, and the underlying event.
Separate SFs are estimated for the L1 and HLT, and for each
jet as a function of pr.

For each of the jets in the event selection, and for each
data-taking year, the L1 trigger per-jet efficiencies are
calculated. The efficiency is defined as the fraction of the
n-th pp-ordered jets geometrically matched” to an L1 jet
and passing the L1 trigger threshold in that year. Similarly,
the HLT per-jet efficiencies are calculated as the fraction of
these LI-trigger-passing n-th jets that are geometrically
matched to an HLT jet and pass the HLT trigger threshold in
that year. The L1 and HLT per-jet efficiencies are both
calculated in bins of jet pp. These are combined to give
overall event-level L1 and HLT jet trigger efficiencies,
accounting for the combinatorial possibilities of selecting
four jets that fired the trigger in events with more than four
jets. The L1 and HLT SFs are then calculated and
multiplied to provide an overall SF for each event.

V. ANALYSIS STRATEGY

A. Event selection and strategy overview

To be considered in the analysis, all data and MC
simulated events must satisfy the trigger requirements
defined in Sec. IIT A and a set of preselection requirements,
now described. At least six jets are required, with at least

“The geometric matching requires AR < 0.4 between the
reconstructed and trigger-level jets.
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four having pr > 40 GeV in line with the trigger require-
ments. At least four jets must be b-tagged.

The analysis further categorizes events into three
orthogonal regions, based on the multiplicity of b-tagged
jets. Denoted 4b, 5b, and 6b, respectively, these regions are
defined to satisfy the preselection and required to have
exactly four, exactly five, or at least six b-tagged jets. The
6b region is enriched in the signal processes and is also
referred to as the signal region (SR). The 5b and 4b regions
are control regions (CRs) enriched in background processes
and are used to derive the 6b background estimate. The
overall acceptance times efficiency for the SM signal (for
which only the H — bb decay is considered) to fall into the
6b region is 5.5%. For the 4b and 5b regions, the
acceptance times efficiency is 27% and 17%, respectively.

The general analysis strategy is the same for each of the
three searches: nonresonant, resonant, and heavy resonant.
In each case, a DNN classifier is trained to discriminate
between the signal models and the SM background, which
is dominated by multijet production. A profile likelihood fit
is performed over the binned DNN score distribution to
obtain the final results.

The kinematic properties of the reconstructed Higgs boson
candidates provide important input features for the DNNs. A
mass-based pairing algorithm is used to assign jets to each of
three Higgs boson candidates, as described in Sec. V B.

A fully data-driven background estimate is used for the
analysis. The approach assumes that the kinematic proper-
ties of the background processes are similar between events
with four, five, or six identified b-jets in the final state.
Systematic uncertainties arising from this approach and its
core assumption are discussed in Sec. VIII. The back-
ground estimate in the 6b search region is obtained by
extrapolating each DNN score distribution in data from the
4b and 5b regions. Both the 5b and 6b regions are included
in the fit.

A Derive background systematics

Figure 2 shows a diagram of the different regions in
the analysis and how they are used in the final fit. Each
DNN score distribution is divided into three regions. The
“high-score” region contains 90% of the combined yields
of the relevant signal samples and provides the bulk of the
analysis sensitivity in the fit. The “low-score” region is
enriched in background, and it is used to constrain the
background estimate in the fit as well as to derive
systematic uncertainties on it. The low-score 4b data are
used in the systematic uncertainty estimate but are not
included in the final fits, preventing any double counting of
degrees of freedom. The “excluded” region lies below the
low-score region and is defined as the region in which
the DNN score distribution extrapolation fails to model the
observed 6b data within one standard deviation of the
statistical uncertainty. Discarding the excluded region
reduces the size of the systematic uncertainties arising
from the small differences in kinematics between the
remaining low- and high-score regions.

B. Higgs boson reconstruction

To reconstruct the three Higgs boson candidates in signal
events, which is useful to help discriminate between the
signals and background, the six jets from the Higgs decays
(labeled jets a — f) must be selected and paired. Pairing is
performed on all events satisfying the preselection require-
ments. In the case of 6b events, the six jets to pair are the six
highest pr b-tagged jets. For 4b (5b) events, the six jets to
pair are all of the b-tagged jets, plus the two (one) highest
pr non-b-tagged jets.

The pairing algorithm used is defined by minimizing

Imp1 — 120 GeV| + |mp, — 115 GeV| + |my; — 110 GeV],
(1)

Included in fit

(o2}
o

(O
o

b-jet multiplicity

4b

Derive 6b SM background
extrapolating from 4b & 5b data

0

Excluded Low-Score

<« Increasing background

DNN Score

High-Score

Increasing signal —

FIG. 2. A schematic diagram of the analysis strategy and regions. The strategy is the same for each DNN, although the precise
selections defining the excluded, low-score, and high-score regions differ. The procedure to form the 65 background estimate by
extrapolating from data in the 4b and 5b regions is described in Sec. VI.
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over all possible permutations of jet pairs (for jets a — f)
that satisfy the following transverse-momentum con-
straints:

pib > psd > pf}f ., where pi! = pdb,
pi? = pid, and i = pil.

The numeric constants in Eq. (1) are chosen based on the
peaks of the my; distributions in simulated signal events.
These differ from the observed Higgs boson mass of
125 GeV due to detector effects, energy lost to neutrinos
from the b-hadron decays, and out-of-cone radiation.
The performance of the pairing algorithm is assessed
using the pairing efficiency, which is defined as the fraction
of signal events that are correctly paired out of all events
where a correct pairing is possible. Correct pairing may not
be possible if the jets cannot all be geometrically matched
to truth-level b-quarks from each Higgs boson decay. This
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FIG. 3.

can occur if any of the six jets fall out of the tracker
acceptance (|57] > 2.5), or if two b-quarks are close enough
together that they are matched to the same jet. The correct
pairing is defined using a geometric matching between MC
truth jets (reconstructed using the anti-k, algorithm with
R = 0.4 on stable, final-state particles from MC generators)
and reconstructed jets. Correct pairing is possible in
74%—-84% of BSM signals, depending on my and myg.
The pairing efficiencies for each signal model parameter
plane are shown in Fig. 3. In scans over the (my, mg) space,
the pairing efficiency is calculated at each simulated mass
point and a cubic interpolation using the nearest four points
is used. For the scan of the (x3, k4) space, a parametric
reweighting is used and, therefore, an arbitrarily smooth
evaluation of pairing efficiency is achieved. A correct
pairing is possible in 81% of SM signal events, and
the pairing efficiency is 61%. The change in pairing
efficiencies over the signal planes is a result of changing
kinematics—the higher the p of the Higgses, the easier the
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Jet pairing efficiencies over the parameter space for the (a) SM-like (3, k4) scan, (b) TRSM, and (c) narrow-width or (d) wide-

width heavy-resonance signals. The pairing efficiency is evaluated in the 65 region when a correct pairing is possible—that is, the six
leading jets are geometrically matched to truth-level b-quarks. A cubic Bézier polynomial is used to interpolate across the plane. Areas
of the (my, mg) phase space not covered by this search are shown in white.
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pairing. For the SM-like and TRSM planes, the kinematic
changes are due to the changes in interference between
diagrams across the parameter space.

C. Machine learning classifiers

A DNN is trained to classify events as signal- or back-
ground-like for each search: nonresonant (nonresDNN),
resonant (resDNN), and heavy resonant (heavyresDNN).
The resulting classifier score distribution for each search is
used as the final analysis discriminant.

For all DNNs, data events in the 5/ region (which form
the basis of the background estimation, as is discussed in
Sec. VI) are used as the background training sample.
Potential signal contamination in 5b data is considered
to have a negligible impact for this purpose, as it has yields
of O(1%) of the 5b data yield, depending on the signal
model. All resonant TRSM signals are combined to form
the resDNN signal training sample, and all heavy-reso-
nance signals (both narrow and wide width) are combined
to form the heavyresDNN signal training sample. Each
simulated (my, mg) point is equally weighted in the training
samples. For nonresDNN, the SM HHH signal, which has
similar kinematics to the nonresonant TRSM signals, is
used as the signal training sample.

These signals were chosen to maximize the training
sample size and to group samples with similar enough
kinematics for the DNN to perform well. The performance
is enhanced by assigning ‘“‘class weights” to the back-
ground, such that the effective yield matches the signal
yields during training. To avoid overtraining and benefit
from the full set of available events, orthogonal training and
testing/validation datasets are used, through a k-fold split-
ting procedure with k = 2 [56], split by odd vs even event
numbers. Two DNNs are trained such that the network
trained on one half of the events is applied to the other half
of the events in the analysis.

For each DNN, ten discriminating kinematic variables
are chosen as input features. The ten variables are chosen
from a larger set of kinematic variables that have good
shape separation between signals and backgrounds. The ten
chosen features have the highest Shapley values [57]
(a common measure to quantify how impactful an input
feature is on the classifier output) and minimize absolute
correlations between variables to reduce redundancy.
Variables that are correlated differently in signal and
background samples are not excluded, as they provide
discriminating power. In addition, variables are chosen to
have minimal correlation with the b-jet multiplicity to

TABLE I. Summary of the input variables used in each DNN. Check marks denote which input is used for each DNN.
Variable Definition Nonres Res  Heavyres
mpy-radius Distance between the event (myy, my», my3) vector and expected vector for v v
signal events, (120, 115,110)GeV.
My Reconstructed mass of the highest pr Higgs boson candidate. v v
RMS (m;) Root-mean-squared (RMS) of the invariant mass of all 15 possible jet pairs. v v
RMS(ARj) RMS of the angular separation between all 15 possible jet pairs. v 4 4
RMS() RMS of the pseudorapidity of the Higgs boson candidates. v v
Skewness AA;; Skewness of cosh(An;,) — cos(Ag;;), where i, k are all 15 possible jet pairs. v
H‘}J Scalar sum of the p of the 6 jets selected to reconstruct the 3 Higgs boson v
candidates.
cos In the (mpy, my,, my3) coordinate system, 6 is the angle between the vector v
from the origin to the event’s reconstructed mass of the Higgs boson
candidates, and the vector from the origin to (120, 115, 110)GeV.
Aplanarityg; The fraction of pt from the 6 jets selected lying outside the plane formed by v v v
the 2 highest pr jets [58].
Sphericityg; Isotropy of the momenta of the 6 jets selected to reconstruct the 3 Higgs 4
boson candidates [58].
Transverse Sphericitys;  Isotropy of the p of the 6 jets used for Higgs reconstruction, within the x — y v
plane [58].
Sphericity Isotropy of the momenta of all jets in the event [58]. v
1 i k g i
N — mypy fraction Dok ZPT*"T:IS;}'(M(’“)_I), where i, k are all 15 possible jet pairs, and 71 is d
the reconstructed tri-Higgs invariant mass.
ARy Angular separation between the jets paired to form the highest pp Higgs v v v
boson candidate.
ARy Angular separation between the jets paired to form the second-highest pr v v v
Higgs boson candidate.
ARys Angular separation between the jets paired to form the lowest pp Higgs v v v

boson candidate.
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reduce the size of the systematic uncertainties in the b-jet
multiplicity extrapolation.

The input features for each DNN are listed and defined
in Table I. Aplanarity and sphericity variables capture
differences in the global event shape and are described
further in Ref. [58]. Nonresonant and low-mass-resonant
HHH tend to produce more isotropically distributed jets,
while higher mass X resonances tend to produce more
planar events. The distributions of the most powerful
kinematic variable for each DNN are shown in Fig. 4.
Distributions for 4b, 5b, and 6/ data and example signal

x10-2

samples are shown. Ratios of data with different b-jet
multiplicities, including the double ratio (ratio 6b/5b over
ratio 5b/4b) are additionally shown. The double ratio is
used to estimate the background modeling systematic
uncertainties, as described in Sec. VIII.

The DNNs are implemented using Keras [59] with a
Tensorflow [60] backend. A standard binary cross-entropy
loss function is used, with rectified linear unit (ReLU)
activation [61,62], an Adam [63] optimizer, and dropout
regularization [64] between layers. The hyperparameters
were optimized to maximize the sensitivity of the analysis.
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FIG. 4. In the top panel of each plot, the distribution of the most discriminating variable used in each DNN training is shown: (a) my

radius for nonresDNN, (b)  — myyy fraction for resDNN, and (c) ARy for heavyresDNN. The distributions for the 4b, 5b, and 6 data
and example signal samples are shown, with all histograms normalized to unit area. In the middle panel of each plot, the ratios of data
with different b-jet multiplicities are shown. Finally, in the bottom panel, the ratio 65/5b divided by the ratio 5b/4b—D—is shown for
data. D is used to estimate the size of the systematic uncertainty in the b-jet extrapolation method, as described in Sec. VIII.
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These include three hidden layers with 24 hidden nodes per
layer, a learning rate of 0.01 (0.005), a batch size of 128
(256), and a dropout rate of 0.1, for resDNN (nonresDNN).
For heavyresDNN, this includes four hidden layers with 24
hidden nodes per layer, a learning rate of 0.005, a batch size
of 256, and a dropout rate of 0.1.

All DNN score distributions span from zero to one. For
nonresDNN, the low-score region starts above 0.100
(defined such that below this value the background
DNN score distribution extrapolation fails to model the
observed 6b data within 1 standard deviation), and the
high-score region (containing 90% of the combined signal
yield) above 0.552. For resDNN, the low-score region starts
above 0.05, and the high-score region above 0.367. For
heavyresDNN, the low-score region starts above 0.100, and
the high-score region above 0.790.

VI. BACKGROUND ESTIMATION

As introduced in Sec. V, the dominant background
process for a final state of > 6 b-quarks is QCD multijet
production. The background is modeled via a data-driven
approach using the data with four and five b-jets to predict
the background yields with at least six b-jets. The
assumption of this method is that the kinematic properties
of the background do not significantly change relative to
b-jet multiplicity, as is observed in Fig. 4 for the most
important kinematic features used in the DNNs. The
assumption is further validated by comparing the ratio of
4b and 5b data evaluated exclusively in the low- and high-
score regions. Therefore, background-enriched regions in
the DNN score and b-jet multiplicity are used to construct
the 60 background model and its associated systematic
uncertainties in the search region. The feature selection
strategy (described in Sec. V C) minimizes the difference
between the shape of the DNN score distribution in 45 and
5b data and, therefore, reduces the size of the associated
uncertainties, which are discussed in Sec. VIIL

Both the low- and high-score regions for 56 and 65 data
are included in the fit, as discussed in Sec. V. The low-score
region is used to estimate the background shape uncer-
tainties, as discussed in Sec. VIIL. The excluded region
tends to have large shape differences between 4b, 5b, and
6b data and is not used for the remainder of the analysis.
The removal of the excluded region is crucial to ensure that
the analysis operates in a region where the kinematic

|

[:(NSb ,6b _’Sb 6b 17 4_5 —>5b.6b

> Hss /’lNF) =

i €bins

1
><H\/—2_7r

m € bkg.systs

o022

k € sig.systs

properties are not highly dependent on b-jet multiplicity,
reducing the size of the systematic uncertainties and
ensuring that by construction, the assumptions of the
method remain valid in the low- and high-score regions.

Data in the 4b and 5b low- and high-score regions are
used to model the expected background contribution in the
6b low- and high-score regions, respectively. For each
DNN, an extrapolation across b-jet multiplicities is per-
formed in the DNN score to model the expected back-
ground contribution in the 65 region,

N6b,predicted _ (NSb/N4b)i 2
i = HMNE- Dy N3 /N# ) (2)

where N is the observed number of events (except when

explicitly noted, as in N°"P*%“*%) "B are a set of uncon-

strained bin-by-bin parameters fit from the 5b region, the
superscript denotes the region (4b, 5b, or 6b), and the
subscript i denotes the i-th bin in the DNN score distri-
bution. The normalization on the background model is pyg,
which is fit in situ to the data, as described in the next
section. In the case where there is no signal contribution,
png = N /N3P and B; = N3*. However, when the signal
strength is nonzero, uxg < N /N% and B; < N3".

The inclusion of the term (N/N*), /(NS"/N‘”’) in
Eq. (2) extrapolates the shape of the DNN score distribution
as a function of b-jet multiplicity. Such a shape extrapo-
lation is observed to produce better modeling in the low-
score region.

VII. STATISTICAL INTERPRETATION

Test statistics are built from the profile likelihood ratio
(PLR) following the prescription for discovery of a positive
signal and one-sided upper limits detailed in Ref. [65]. The
likelihood model assumes independent Poisson-distributed
event counts in each bin of the 5b and 6b DNN score
distributions in the low-score and high-score regions,
which are included in the fit. Nuisance parameters (NPs)
describing the effect of systematic uncertainties in the
signal ((;5) are fully correlated between the 5b and 6b
regions. An orthogonal set of NPs 6 describes the back-
ground extrapolation from the 5b to the 6b region. The full

expression of the parametrized likelihood model of the
observed yields is as follows:

H [Pois(N " [uxefi(0)B; + usws’ (#)re" S )Pois(N3”|B; + uswi” (#)r3"S7")]

1

P2
V2

< TT (Prlr) Pt ®)

i €bins
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The first two Poissonian terms describe the constraints
from the observed data N. Superscripts 5b and 6b are used
throughout to distinguish the 55 CR from the 65 SR. Signal
leakage into the 5b region is considered via $3°. B; are an
unconstrained set of bin-by-bin yields fit from the CR and
U 1s the signal strength and the parameter of interest (for
the limits on the coupling modifiers k3 and k4, the signal
expression is altered, such that x; and k; become two
parameters of interest in the fit). The precise manner in

which q?ﬁ and 0 change each bin of the yields is encapsulated
in w; (475) and f ,(5) respectively. The nominal value of

f ,(5) is the ratio of the DNN score shapes for the 50 and 4b
data, ((N°?/N*).)/(N°*/N*"), as appears in Eq. (2).
Therefore, f;(6) performs the DNN score shape extrapo-
lation to the 6b region. The uncertainties in the extrapo-
lation are assessed using alternative shapes, as discussed in

Sec. VIII. The nominal value of w,-(c;S) is unity, and it
describes the way theoretical and experimental uncertain-
ties both change the shape and normalization of the signal.

The third and fourth terms (products over m and k)
describe the Gaussian constraints for the NPs. The

observed MC signal yields S are multiplied by nuisance
parameters 7 in the final term to account for the limited MC
sample size. The generalization of the Poisson distribution
to continuous variables Pr is used to represent the MC
statistical uncertainty by constraining 7. The 7 are constants
constructed to provide the correct uncertainty sizes in the
constraint term; they can be viewed as “effective” numbers
of MC events, accounting for event weighting.

The choice of binning is different for each of the three
DNNs. The resDNN score distribution is fit from 0.05 to
1.0 in 19 bins of equal width 0.05. The heavyresDNN score
distribution is fit from 0.1 to 1.0 with equally spaced bins of
0.05. Likewise, the nonresDNN score is fit in the region
0.1-1.0 with equal bins of width 0.05, except for the final
bin, which is subdivided into two equally sized bins of
width 0.025. Dividing the final bin in this search increases
sensitivity. The choice of binning is a trade-off between
sensitivity and the ability to model systematic uncertainties
in the data-driven background shape, as discussed in the
next section.

VIII. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties considered include exper-
imental uncertainties, uncertainties in the shape of the data-
driven background modeling of the DNN score distribution,
and theoretical modeling uncertainties in the simulated signal
samples.

The dominant systematic uncertainty in this search is the
uncertainty in the shape of the background DNN score
distribution. As described in Sec. VI, the background
model extrapolates the shape of the DNN score distribu-
tion as a function of the b-jet multiplicity, with the

normalization of the background model uyp determined
in situ by the fit to the observed data. Due to the data-driven
nature of the background estimate, the shape extrapolation
uncertainty is the only systematic uncertainty that affects
the background prediction. The shape extrapolation will
agree with the 6 data perfectly when the DNN score shape
differences between the 6b and 5b regions agree with the
shape differences between 5b and 4b. However, this cannot
be assumed, and the size of the nonclosure in the extrapo-
lation method in the signal-depleted low-score region is
used to estimate the systematic uncertainty in the extrapo-
lation method. The double ratio D(v) is introduced, which
compares the shape differences between the 6b and 5b
regions and the 5b and 4b regions (each themselves ratios)
as a function of the DNN input variable v,

N6V / N5P
D(v) = ((1\’(’/’”/71\’5)”(U)> Low-Score

(NN (0)
i ( NSb/N4b )Low—Score’ (4)

where the ratios in the numerators are functions of the DNN
input variable » in the low-score region. The double ratio
D(v) is thus the nonclosure in the multiplicative extrapo-
lation method in the low-score region as a function of .
The binned quantity D;(v) is D(v) averaged over the events
in bin i of the DNN score distribution. In this context, i runs
over both low- and high-score regions, thereby applying the
observed nonclosure in the low-score region as a systematic
uncertainty in the high-score region.

Nonclosure in the extrapolation method is quantified by
deviations from D;(v) =1. The nominal background
model [Eq. (2)] is reweighted by the value of D;(v) to
produce a set of systematically varied models, with each of
the ten DNN inputs producing a different template. The
variations are considered fully correlated between each bin
i of the DNN. This method does not rely on any assumption
that D;(v) = 1. Rather, it assumes that deviations from
D;(v) = 1 due to background processes are similar in the
low-score and high-score regions. This assumption is
validated in the background-enriched 4b and 5b regions.
It is observed that the ratios (N°?/N*")(v) evaluated in the
low- and high-score regions are compatible within stat-
istical fluctuations, an agreement which has been rein-
forced by removing the very-low-score events (excluded
region) from the analysis. The multiplicative variations to
the nominal background template from D;(v) are sym-
metrized about D;(v) = 1 for up and down variations.

Only a subset of ten possible shape variations (one for
each of the ten DNN input variables) are applied as
systematic uncertainties. A pruning procedure is used that
removes shape variations that are expressible as linear
combinations of other shape variations to avoid double
counting. The pruning procedure is to iteratively add
new systematic variations (ordered by largest single bin
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deviation) until the set of excluded variations are well
modeled by the set of included variations. Specifically, a
profile likelihood fit to each of the excluded variations is
performed, with the only degrees of freedom being the
included shape variations. The procedure terminates once
the maximum y? of all of the fits to the excluded shapes is
less than 1. It is found that for each DNN, a subset of three
shape variations is enough to model all ten shapes suffi-
ciently well.

Figure 5 shows the pruned subset of shape variations for
each of the DNNs. The shape variations are always smaller
than the statistical uncertainty in the expected 65 data.
For reference, the 5b data without extrapolation are shown.
The difference between the observed 5b data and the
extrapolated nominal 6/ template is on the same order
as the derived shape systematic variations.

Experimental uncertainties in luminosity, pile-up
reweighting, jet energy scale and resolution, NNJVT
efficiency, trigger efficiency, and b-tagging efficiency are

considered. As the background model is entirely data-
driven, these uncertainties only affect the simulated signal
MC events. The pile-up uncertainty is estimated according
to the methods described in Ref. [66]. Uncertainties in the
jet energy scale and resolution, NNJVT efficiency, and
b-tagging efficiency are applied on a per-jet level and are
estimated from calibrations and comparisons between
different event simulation models [40,41,67]. The uncer-
tainty in the NNJVT efficiency is estimated following the
technique in Ref. [42].

The uncertainty in the trigger efficiency is estimated in
data and MC using triggers requiring one muon and one jet
so as not to bias the fully hadronic trigger efficiency
measurement. The uncertainty in the jet-level trigger SF
is estimated as the difference between the nominal SF and a
SF derived using 77 MC samples with different matrix
elements and parton shower models. One alternative
sample uses an alternative matrix element NLO matching
scale (pThard), and another uses HERWIG7 [68] in place of
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FIG. 5.

Ratios of the shape-varied models relative to the nominal background models [D;(v)] for the selected input kinematics that

survived pruning of the (a) nonresDNN, (b) resDNN, and (c) heavyresDNN. The gray band is the size of the statistical uncertainty in the
expected 6b background for reference. The dashed line is the shape of the 5b data with no extrapolation applied. The shape systematic
uncertainties are all smaller than the expected 65 background statistical uncertainty for each bin and are on the same order as the size of
the extrapolation from 5b data. The binning matches exactly the scheme used for the PLR fit, as described in Sec. VIIL.
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Pythia8 for the parton showering. The event-level SF applied
is built from the jet-level SFs considering all possible
combinations of which jets may have fired the trigger.

A 5% uncertainty is applied to the signal MC samples to
cover the differences between the b-tagging applied at
trigger level (MV2c10 for 2016 and MvV2c20 for 2017—
2018) [20] and at reconstruction level (DL1d) [43-45].
Given that an event has satisfied the offline selection of six
b-jets, it has a larger than 99% chance of satisfying the
trigger’s online b-tagging. Therefore, the 5% uncertainty is
much larger than the trigger inefficiency in the region most
sensitive to the presence of a signal.

Modeling uncertainties in the signal MC event simu-
lations are also considered and are calculated using an
identical procedure for all signal models considered. To
estimate the uncertainty due to higher-order terms in the
perturbative expansion of the cross section, a 7-point
variation in renormalization and factorization scales is
used. Both scales are either kept at their nominal values
or varied independently up and down by a factor of 2 and
0.5, while the schemes in which one scale is varied up and
the other is varied down are excluded for a total of seven
possible choices of renormalization and factorization
scales. The uncertainty applied to the signal MC is an
envelope around the seven variations. An alternative value
of the strong coupling constant ag is also used, and the
difference is taken as an uncertainty. A systematic uncer-
tainty in the choice of PDF is applied as the standard
deviation of 100 variations in the NNPDF3.0NLO PDF set.

Table II summarizes the impact of each set of systematic
uncertainties in the expected upper limit. Each row shows
the difference between the upper limit with all sources of
uncertainty considered and the upper limit with a subset of
the systematic uncertainties excluded. Each cell shows the
range of impacts for the various mass hypotheses my and

TABLE II.

myg considered for each of the three DNNs. The systematic
uncertainties in the background shape are the dominant
sources of systematic uncertainty, changing the expected
limit by 14% to 45% depending on the model and BSM
masses my and mg. Flavor tagging, jet reconstruction, and
trigger efficiency uncertainties are the subleading sources
of systematic uncertainty, with an impact of up to 10% on
the expected upper limit.

IX. RESULTS

The distributions of the nonResDNN, resDNN, and
heavyResDNN scores in the 6b region after the profile
likelihood fit described in Sec. VII can be found in Fig. 6.
One representative signal point is overlaid on each score
distribution, scaled to the same area as the background
distribution. For nonresDNN, the SM HHH signal and a
nonresonant TRSM signal with (my,mg) = (400,200) GeV
are both shown in Figs. 6(a) and 6(b), respectively. In all
cases, the observed data agree well with the background,
and no significant excess is seen. For the resonant search,
no upward deviation from the SM prediction is observed.
A one-sided test statistic is used, and the best-fit signal is
precisely zero for all mass points considered. For the non-
resonant search, the largest deviation is at (my,mg) =
(550,200) GeV with a local significance of 0.19¢. For
the heavy-resonant search, the largest deviation is at
(my, mg) = (1500,275) GeV with a local significance
of 0.51c.

Upper limits for each signal model considered are placed
on the allowed HHH production cross section, at the
95% CL. They are calculated using the CL; method [69]
with the asymptotic approximation [65].

For the TRSM and DM-CPV models, expected and
observed cross section upper limits are shown over the

Summary of the impact on the analysis of different sources of systematic uncertainty. The impact is

estimated as the absolute value of the difference between the expected upper limit with all sources of uncertainty
included and the upper limit with a subset of systematic uncertainties excluded. In the left-hand column, more
heavily indented rows are a subcategory of the less indented row above.

Relative impact of systematic uncertainties (%)

Uncertainty source SM-like TRSM nonresonant TRSM resonant Heavy resonance
All uncertainties 24 2046 3342 24-53
Experimental 22 2045 33-41 24-53
Detector response 7.4 6.6-14 16-24 4.1-15
Luminosity and pile-up <1 <1 <1 <1
Flavor tagging 3.2 2.8-5 6.9-8.8 1.5-5.6
Jet reconstruction 2.7 2.3-6.5 3.6-7.1 1.0-6.3
Trigger efficiency 2.0 1.8-3.5 6-10 1.4-42
Background modeling 16 14-36 18-30 20-45
Theoretical 1.5 <1 <1 <1
MC statistical <1 <1 <1 <1
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post-fit background (Pred) in markers, with the uncertainty on the prediction shown as a hatched band centered on unity.

(my, mg) planein Figs. 7(a) and 7(b), respectively. The mg >
250 GeV region forms the resonant search, where resDNN is
used in the fit, whereas the mg < 250 GeV region is part of
the nonresonant search, where nonresDNN is used in the fit.
The expected (observed) cross section upper limit varies with
my and mg, within the range of 46-350 fb (48-310 fb). The
limits are evaluated at the simulated (my,mg) points, as
described in Sec. III. For all results in the analysis, a cubic
Bézier polynomial is used to interpolate across the plane.

The cross section upper limits for the heavy-resonance
search are shown in Fig. 8 in the (my, mg) plane. Expected
(observed) limits for the narrow heavy-resonance signals
are presented in Fig. 8(a) [Fig. 8(c)], and range between 4.7
and 69 tb (5.7 and 38 tb). Expected (observed) limits for the
wide heavy-resonance signals are presented in Fig. 8(b)
[Fig. 8(d)], and range between 5.2 and 53 fb (6.3 and 39 fb).

Simultaneous limits on the coupling modifiers k3 and x4
are shown in Fig. 9. The gray dashed line shows the region
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overlaid in the region bounded by the gray dashed line. The red
star is the SM: k3 = k4 = 1.

where perturbative unitarity holds (provided that k3 and x4
are the only modifications to the SM), as calculated in
Ref. [70]. At the 95% CL, none of the phase space inside
the unitarity bounds is excluded. Outside the unitarity
bounds, the kappa framework requires additional modifi-
cation to preserve unitarity, and as such it is not recom-
mended to interpret this result as excluding any relevant
phase space in the kappa framework. Rather, the scan of k3
and x4 serves as a benchmark of performance for future
searches and projections, as well as other new-physics
models, which may produce similar phenomenology.

The observed (expected) 95% CL upper limit on the
signal strength for SM HH H production, 4 = 6y /0wy
is 760 (750), corresponding to an observed cross section
upper limit of 59 fb (59 fb). Assuming x; = 1, then k3 is
restricted to be between —11 and 17 at the 95% CL (both for
expected and observed limits). For comparison, a combi-
nation of previous di-Higgs searches and single Higgs
production constraints limited x5 to be between —0.4 and
6.3 at 95% CL [7]. Assuming k3 = 1, then k; is restricted to
be between —230 and 240 at the 95% CL (both for expected
and observed limits).

X. CONCLUSION

This paper presented a search for triple Higgs production
in the bbbbbb final state. The search used 126 fb~! of pp
collision data at y/s = 13 TeV collected with the ATLAS
detector at the LHC. The data were interpreted using three
different DNNs, which were each optimized to search for
nonresonant, resonant, and heavy-resonant (outside the
perturbative unitarity bounds of the TRSM) signals with
additional scalars. The nonresonant interpretation included a

search for SM-like signals with coupling modifiers on
the trilinear and quartic Higgs self-couplings x5 and xy.
The SM background was modeled using a data-driven
extrapolation method, derived from the observed DNN score
spectra in events with four or five b-jets to estimate the back-
ground shape in events with at least six b-jets. The sensitivity
of the search was impacted mainly by the statistical precision
and the uncertainty in the data-driven extrapolation method.
No significant excess above the SM expectation was
observed in the search for SM HHH production, nor was
any significant excess observed in the search for various
BSM signals with two additional heavy scalars, X and S. A
95% CL upper limit of 59 fb was set on the cross section for
SM HHH production. The BSM searches included non-
resonant production, where mg < 250 GeV, and resonant
production up to (my,mg) = (1500, 1000) GeV.
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