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Search for decays of the Higgs boson into scalar particles decaying into four
or six b quarks using pp collisions at /s =13 TeV with the ATLAS detector
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A search for exotic decays of the Higgs boson H into new scalar or pseudoscalar particles that
subsequently decay into b-quarks is presented. The search considers ZH production with several decay
scenarios for the Higgs boson; first to a pair of identical scalars, H — 2a — 4b, second to a pair of scalars
with different masses (m,; < m,,), either directly, H — a;a, — 4b, or via a longer decay chain,
H — aj;a, = 3a; — 6b. The analysis uses proton-proton collision data at \/s = 13 TeV collected with
the ATLAS detector at the Large Hadron Collider, corresponding to an integrated luminosity of 140 fb~!.
No significant excess above the Standard Model prediction is observed. The search sets upper
limits at 95% confidence level on the ratio of the Higgs boson production cross section to the SM
prediction times the branching ratio of Higgs bosons decaying into 4b or 6b, between 4% and
25% for o(ZH)/osm(ZH) x B(H — 2a — 4b), between 24% and 38% for o(ZH)/osu(ZH) x
B(H — aya, — 4b), and between 10% and 20% for o(ZH)/osm(ZH) x B(H — a,;a, — 3a; — 6b),

depending on the masses of the scalar particles.

DOI: 10.1103/mzld-1dlt

I. INTRODUCTION

Since the observation of the Higgs boson with mass my
near 125 GeV by the ATLAS and CMS Collaborations
[1,2], a comprehensive program of measurements is being
pursued to characterize the properties of this particle.
The branching fraction of the Higgs boson into un-
detected beyond the Standard Model (BSM) particles are
constrained by analyses of Higgs boson properties to
approximately B, < 12% [3,4]. Higgs boson decays are
particularly sensitive to new physics due to the small total
width (I'y &4 MeV). Even very small couplings to new
particles can give sizable branching fractions [5] and can be
compatible with available measurements of the Higgs
boson couplings [3].

Extensions of the Standard Model (SM) that include new
light scalars, called a-bosons, can result in exotic Higgs
boson decays H — 2a. Such new light particles appear in
theories with an extended Higgs sector [6—10], dark matter
models [11-15], models with a first-order electroweak
phase transition [16,17], and theories of neutral naturalness
[18,19]. Signatures of H — 2a can also arise in models
with hidden-sector particles that are singlets under the SM
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gauge transformations [5,20-23]. In scenarios where the
a-boson mixes with the Higgs boson and inherits its
Yukawa couplings to fermions, decays of the a-boson into
heavy fermions such as b-quarks are favored, and the
process H — 2a — (bb)(bb), shown in Fig. 1(a), is
expected to have a sizable branching fraction in the mass
range 2my < m, < my/2 [5,24]. Because of the scalar
nature of the a-boson and the hadronization of the
b-quarks, the results presented here do not depend on
the parity assumed for the a-boson and can be interpreted in
terms of Higgs boson decays into scalars or pseudoscalars.

Scenarios with multiple new hidden-sector particles,
such as two real scalar singlets, referred to as a; and a,
(m,, < myg,,) have also been considered in the literature
[22]. In these scenarios, the Higgs boson can then decay
into two different scalars, H — a;a, — 4b, shown in
Fig. 1(b). Another possibility is the successive decay into
the lightest scalar state, H — aja, — 3a; — 6b, which
gives rise to a high multiplicity final state, shown in
Fig. 1(c). In models with two additional light scalars,
the partial width of a, — a;a; has to be much larger than
any decay into SM fermions a, — fsyfsm for the model to
be consistent with measurements of Higgs boson coup-
lings [22]. As such, when m, < m, /2, only the decay
H — aja, — 3a, is relevant. The search for models with
multiple a-bosons can thus be effectively split into two
independent channels; one with four b-quarks in the final
state and one with six b-quarks in the final state, which are
analyzed separately.
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FIG. 1.
(¢) H — aja, — 3a; — 6b processes considered in this search.

This paper presents a search for the exotic Higgs boson
decay H — 2a/a,a, — 4b/6b over the mass range 12 <
m, < 60 GeV using the full Run 2 proton—proton (pp)
collision data at /s = 13 TeV collected with the ATLAS
detector at the Large Hadron Collider (LHC) [25], corre-
sponding to an integrated luminosity of 140 fb~'. The
analysis targets the Higgs boson produced in association
with a Z boson (ZH), where the Z boson decay provides
a trigger and suppresses the 17 backgrounds. The WH
associated production is not used since early results [26]
show that this channel is less sensitive due to larger back-
grounds. Different analysis categories are defined depend-
ing on the decay mode of the Z boson, which can be either
into charged leptons (electrons e or muons y), referred to as
2¢, or into neutrinos that leave a signature of transverse
momentum imbalance (E%iss), referred to as 0Z. Due to
the relatively low mass of the Higgs boson and the four- or
six-body final state, the b-quarks tend to have low trans-
verse momentum, typically below pt <50 GeV and are
challenging to trigger on. Therefore, the analysis uses the
electron or muon triggers for the 27 category and uses Es*
triggers for the 07 category. The analysis defines different
event selections depending on the Z boson decay mode; 2¢
or 07, and on the b-quark multiplicity; 4b or 6b. The main
backgrounds to the signal process are Drell-Yan production
of charged leptons or neutrinos in association with heavy-
flavor jets and 77, which may also be produced in associ-
ation with heavy-flavor jets.

Several novel reconstruction techniques are used to
identify the b-hadron decay products. For m, < 20 GeV,
the a-boson has a relatively large Lorentz boost and its
decay products are collimated. Consequently, the a — bb
final state is reconstructed as a single jet that contains the
hadronization products of the two b-quarks. While several
techniques exist to resolve merged jets [27], most of them
are only efficient in the case of high-mass and high-p jets.
The merged a — bb jet from the decay products of a Higgs
boson have low pt. A dedicated algorithm is used to
identify low-mass, merged, “double b-quark” jets (B-jets)
[28]. For m, = 25 GeV, the b-quark decays are typically
well separated, so each reconstructed jet captures the

Representative Feynman diagrams for ZH production with the (a) H — 2a — 4b, (b) H — aja, — 4b, and

hadronization of a single b-quark and standard algorithms
are used to identify such jets (b-jets) [29,30]. The sensi-
tivity to high-multiplicity final states is also enhanced by
the use of soft secondary vertices reconstructed outside
of jets [31]. The search considers events with one or two
B-jets, three or four b-jets, and up to one soft secondary
vertex reconstructed outside of a jet, which are used to
define several analysis categories.

Similar searches in the 45 decay channel were performed
by the ATLAS Collaboration [26,32,33] and the CMS
Collaboration [34]. The latest search has placed 95%
confidence level (CL) upper limits on the branching
fractions in the range of 1.1 for m, =20 GeV to 0.36
for m, = 60 GeV using 138 fb~! of Run 2 data at /s =
13 TeV [34]. This result improves the sensitivity of
previous analyses by using dedicated heavy-flavor
reconstruction algorithms, particularly in the low mass
regime (m, < 20 GeV). It is also complementary to other
searches for H — 2a decays performed by the ATLAS
and CMS Collaborations using both /s =8 TeV and
/s =13 TeV data in several final states including
uwrpptu~ [35-37], wturtt [38-41], tTrrte
[40,42,43], bbutu~ [44-47], bbrtt~ [48-50], yryy
[51-53], and yygg [54].

II. ATLAS DETECTOR

The ATLAS detector [55] at the LHC covers nearly the
entire solid angle around the collision point." It consists
of an inner tracking detector surrounded by a thin
superconducting solenoid, electromagnetic and hadronic

'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,
¢ being the azimuthal angle around the z-axis. The pseudor-
apidity is defined in terms of the polar angle 6 as 7 =

—Intan(6/2) and is equal to the rapidity y = %ln(gfi’;) in the

relativistic limit. Angular distance is measured in units of

AR =/(Ay)* + (Ag)>.
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calorimeters, and a muon spectrometer incorporating three
large superconducting air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2T axial
magnetic field and provides charged-particle tracking in
the range of || < 2.5. The high-granularity silicon pixel
detector covers the vertex region and typically provides
four measurements per track, the first hit generally being in
the insertable B-layer (IBL) installed before Run 2 [56,57].
It is followed by the SemiConductor Tracker (SCT), which
provides on average eight measurements per track. These
silicon detectors are complemented by the transition
radiation tracker (TRT), which enables radially extended
track reconstruction up to || = 2.0. The TRT also provides
electron identification information based on the fraction of
hits (typically 30 in total) above a higher energy-deposit
threshold corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range
|| <4.9. Within the region |g| < 3.2, electromagnetic
calorimetry is provided by barrel and end cap high-
granularity lead/liquid-argon (LAr) calorimeters, with an
additional thin LAr presampler covering |n| < 1.8 to
correct for energy loss in material upstream of the calo-
rimeters. Hadronic calorimetry is provided by the steel/
scintillator-tile calorimeter, segmented into three barrel
structures within |n| < 1.7, and two copper/LAr hadronic
endcap calorimeters. The solid angle coverage is completed
with forward copper/LAr and tungsten/LAr calorimeter
modules optimized for electromagnetic and hadronic
energy measurements, respectively.

The muon spectrometer (MS) comprises separate trigger
and high-precision tracking chambers measuring the
deflection of muons in a magnetic field generated by the
superconducting air-core toroidal magnets. The field inte-
gral of the toroids ranges between 2.0 Tm and 6.0 Tm
across most of the detector. Three layers of precision
chambers, each consisting of layers of monitored drift
tubes, cover the region || < 2.7, complemented by cath-
ode-strip chambers in the forward region, where the
background is highest. The muon trigger system covers
the range || < 2.4 with resistive-plate chambers in the
barrel, and thin-gap chambers in the end cap regions.

The luminosity is measured mainly by the LUCID-2
[58] detector that records Cherenkov light produced in the
quartz windows of photomultipliers located close to the
beam pipe. Events are selected by the first-level trigger
system implemented in custom hardware, followed by
selections made by algorithms implemented in software
in the high-level trigger [59]. The first-level trigger accepts
events from the 40 MHz bunch crossings at a rate below
100 kHz, which the high-level trigger further reduces to
record complete events to disk at about 1 kHz. A software
suite [60] 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 SIMULATION SAMPLES

The analysis uses pp collision data at a center-of-mass
energy of /s = 13 TeV collected with the ATLAS detec-
tor in Run 2 of the LHC from 2015 to 2018, corresponding
to a total integrated luminosity of 140 fb~! [61]. Only
events for which the LHC beams were in stable-collision
mode and all relevant subsystems were operational are
used [62]. Events with charged leptons are selected using
single-lepton triggers with either a low pr threshold and an
isolation requirement, or a higher threshold but a looser
identification criterion without any isolation requirement.
For data collected in 2015 (2016-2018), the lowest pt
threshold in the single-muon trigger was 20 (26) GeV [63]
and in the single-electron trigger was 24 (26) GeV [64].
Events without charged leptons are selected using ETsS
triggers whose threshold varied over time from 70 GeV to
110 GeV due to the increasing average effect of multiple
inelastic interactions in the same and neighboring bunch
crossings (pile-up).

Simulated signal and background samples are used to
describe background sources, estimate signal efficiency
and acceptance, design and optimize the analysis event
selection, and model systematic uncertainties. Monte Carlo
(MC) samples were produced using either the full
ATLAS detector simulation [65] based on Geant4 [66] or
a faster simulation where the full Geant4 simulation of the
calorimeter response is replaced by a parametrization [65].
The pile-up effects were modeled by overlaying each
simulated hard-scattering event with inelastic pp events
generated with Pythia8.186 [67] using the NNPDF2.3lo set of
parton distribution functions (PDFs) [68] and the A3 set of
tuned parameters (tune) [69]. Simulated events are
reweighted to match the pile-up conditions observed in
the Run 2 data sample. All simulated events are processed
through the same reconstruction algorithms and analysis
chain as the data. Table I summarizes all the generated
samples.

The signal event samples focus on Higgs bosons
produced in association with a Z boson (ZH). Two
processes are included, qg — ZH and gg - ZH, where
the latter contributes about 10% of the total production
cross section. The sample of Higgs bosons is generated at
next-to-leading-order (NLO) accuracy in QCD using Powheg
Box v2 [82—-86] with the NNPDF3.0nlo PDF set [68,87] with
mass my = 125 GeV. The simulated Higgs boson produc-
tion samples are normalized using dedicated higher-order
cross sections calculated at next-to-next-to-leading-order
(NNLO) in QCD with NLO electroweak (EW) corrections
[70]. The Higgs boson is decayed into a pair of scalars that
then each decay either into a pair of scalars or into a pair of
b-quarks, where the decays are performed in the narrow-
width approximation. Events are showered and hadronized
with Pythia 8.244 or Pythia 8.245 for the 27 or 07 channels,
respectively, [67] using the AZNLO tune to model the
underlying event [88].
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TABLE I. Sample generator setups. The precision of the ME generator is NLO in QCD if no additional information is provided in
parentheses, such as the number of partons at ME accuracy and [EW] for electroweak production. To treat the overlap between 77 and tW
diagrams, the sample using the diagram removal scheme is listed as [DR]. The higher-order cross section used to normalize these
samples is listed in the last column if different from the one of the generator. If no information is in this column, no higher-order k-factor
is applied to this process. If multiple samples are listed for the same process, the first one corresponds to the one used for the predictions,
while the subsequent ones are used to derive systematic uncertainties.

ME PDF

PS

Normalization

NNPDF3.0nlo
NNPDF3.0nlo

Pythia8.244/5
Herwig 7.04

NNLO + NLO (EW) [70]
NNLO + NLO (EW) [70]

NNPDF3.0nlo
NNPDF3.0nlo
NNPDF3.0nlo

NNPDF3.1nnlo nf4

NNPDF3.0nlo

NNPDF3.0nlo nf4

NNPDF3.0nlo

Pythia 8.230
Herwig 7.13
Pythia 8.230
Pythia 8.230
Pythia 8.230
Pythia 8.230
Pythia 8.230

NNLO + NNLL [71-77]
NNLO + NNLL [71-77]
NNLO + NNLL [71-77]

NLO + NNLL [78]
NLO [79,80]
NLO [79,80]

NNPDF3.1nnlo
NNPDF3.0nlo
NNPDF3.1nnlo
NNPDF3.0nlo

Sherpa
Pythia 8.240
Sherpa
Pythia 8.240

NNLO [81]
NNLO [81]
NNLO [81]
NNLO [81]

Process ME generator
Signal
H — 4b/6b Powheg Box v2
Powheg Box v2
Top
tt Powheg Box v2
Powheg Box v2
MadGraph5_aMC@NLO2.6.0
1+ bb Powheg Box Res
tW Powheg Box v2[DR]
t-channel Powheg Box v2
s-channel Powheg Box v2
Z/W + jets
Z + jets Sherpa 2.2.11 (NLO [2j], LO [5j])
MadGraph5_aMC@NL02.6.5 (NLO [3j])
W + jets Sherpa 2.2.11 (NLO [2j], LO [4j])
MadGraph5_aMC@NLO02.6.5 (NLO [3j])
Other
VV (had.) Sherpa 2.2.1
VV (lep.) Sherpa 2.2.2

VV (lep) +jj
titw

Sherpa 2.2.2 (LO [EW])
MadGraph5_aMC@NLO2.3.3
Sherpa2.0.0 (LO [2j])

tet MadGraph5_aMC@NLO02.3.3
Sherpa 2.0.0 (LO [1j])
1tZ (qq,vv) MadGraph5_aMC@NLO02.3.3

Sherpa 2.0.0 (LO [2j])

NNPDF3.0nnlo
NNPDF3.0nnlo
NNPDF3.0nnlo
NNPDF3.0nlo
NNPDF3.0nnlo
NNPDF3.0nlo
NNPDF3.0nnlo
NNPDF3.0nlo
NNPDF3.0nnlo

Sherpa
Sherpa
Sherpa
Pythia 8.210
Sherpa
Pythia 8.210
Sherpa
Pythia 8.210
Sherpa

NLO + NLO (EW) [70]
NLO + NLO (EW) [70]
NLO + NLO (EW) [70]
NLO + NLO (EW) [70]
NLO + NLO (EW) [70]
NLO + NLO (EW) [70]

For the 07 channel, five signal samples are simulated for
H — 2a — 4b (m, = 12, 16, 20, 25, and 30 GeV). For the
2¢ channel, signal simulation samples are produced for the
same mass hypotheses and three more at higher masses
(m, = 40, 50, and 60 GeV). In addition, for the 2¢ case,
three signal samples are produced for H — aja, — 4b,
with mass hypotheses (m, ,m,,) = (20,30), (40, 60), and
(50, 70) GeV, and four for H - a,a, — 3a, — 6b, with
mass hypotheses (m, ,m,,) = (15,50), (15,90), (20, 70),
and (30, 80) GeV. The values of the mass hypotheses for the
signal samples are chosen to cover the available parameter
space given the mass resolution, which varies in the range
15-20 GeV depending on the properties of the final-state
particles.

The main SM backgrounds are, in order of importance,
Drell-Yan production with decays into charged leptons
or neutrinos Z/y* — £¢/vv produced in association with
jets (Z + jets), and top-quark production (77 or single

top quarks) where at least one of the W bosons decays
leptonically. Other backgrounds from diboson production
and vector bosons produced in association with ¢7 are also
included. Processes such as triboson and four-top produc-
tion are considered but found to be very small, and
contributions from SM Higgs boson decays such as H —
ZZ* — 4b are found to be negligible. For the 07 case, there
is an additional background from events with multiple jets,
referred to as QCD multijet background, which is estimated
using a data-driven method.

The precision of the matrix element (ME) generators is
NLO in QCD for most samples. All samples using Pythia8
for the parton shower (PS), hadronization, and multiparton
interactions (MPI) simulate the decays of »- and c-hadrons
with EvtGen 1.6.0 and use the Al4 tune [89] and the
NNPDF23lo PDF set. Several simulation samples were
produced with the Sherpa 2.2 generator [90]. In this setup,
NLO-accurate MEs for up to two partons and MEs with
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leading-order (LO) accuracy for up to four partons were
calculated with the Comix [91] and OpenLoops libraries [92].
They were matched with the Sherpa parton shower [93] by
using the MEPS@NLO prescription [94-97] with the set of
tuned parameters developed by the Sherpa authors and based
on the NNPDF3.0nnlo set of PDFs [87]. The top-quark mass
was set to m, = 172.5 GeV. Additional samples with
alternative generators, parton shower models, and other
model parameters, such as matching and resummation
scales, were used to derive modeling uncertainties, as
described in Sec. VIIL

Generator-level categorization of simulated events

Using a procedure similar to that described in Ref. [98],
1t +jets and Z + jets events are categorized depending
on the flavor of associated jets. Generator-level particle
jets are reconstructed from stable particles (mean lifetime
7> 3 x 107" 5) with the anti-k, algorithm [99] with a
radius parameter R = 0.4 and are required to satisfy pr >
15 GeV and || < 2.5. The flavor of a jet is determined by
counting weakly decaying b- or c-hadrons with pt >
5 GeV within AR < 0.3 of the jet axis. Events are labeled
as 11+ > 1B or Z+ > 1B if at least one additional jet, not
originating from the decay of the 77 or Z system, is matched
to at least two b-hadrons and 17+ > 1b or Z+ > 1b if at
least one additional jet is matched to one b-hadron and no
additional jets are matched to at least two b-hadrons.
Similarly, events are labeled as ti+ > lc or Z+ > lc
if at least one additional jet is matched to at least one
c-hadron and no jet is matched to a b-hadron. The
remaining events, including those with no additional jets
matched to a b-hadron or c-hadron, are labeled 17 + light or
Z + light. Unless explicitly indicated, the category > 1c is
combined with the light category.

IV. OBJECT SELECTION

A. Tracks and primary vertex

Tracks are reconstructed in the ATLAS ID [100] and
are used to reconstruct primary vertex candidates based
on a pattern recognition algorithm and an adaptive vertex
fitter with annealing [101]. Only events with at least one
vertex are used in this search. If more than one vertex is
reconstructed, the one with the highest sum of squared
transverse momenta of associated tracks is chosen as the
primary vertex (PV). Tracks are used to reconstruct leptons
and jets. In addition, track-jets, track-subjets, and isolated
secondary vertices use tracks that satisfy a loose selection
criteria: transverse momentum pp > 0.5 GeV, longitudinal
impact parameter relative to the PV multiplied by the sine
of the polar angle |z sin 8| < 5 mm, and transverse impact
parameter relative to the beam line |dy| < 3.5 mm [28].

B. Leptons

Electron candidates are reconstructed from clusters of
energy deposits in the electromagnetic calorimeter associated

with reconstructed tracks in the ID [102-104]. Candidates
are selected with pr > 10 GeV and || < 2.47, excluding
the calorimeter transition region 1.37 < || < 1.52. Elec-
trons must satisfy the tight likelihood-based identification
criterion defined in Ref. [103] that is based on shower
shape, track-quality, and track-to-cluster matching observ-
ables. Electrons are also required to satisfy a multivariate
isolation criteria based on the transverse momentum of
calorimeter topological clusters and tracks around the
electron, and the properties of highly displaced tracks in
the same region to distinguish real prompt electrons from
electron candidates from hadronic jets, photon conversions,
and heavy-flavor hadron decays (nonprompt electrons)
[105]. Finally, the electron track is required to originate
from the primary vertex by requiring |z, sinf| < 0.5 mm
and |dy/o(dy)| < 5, where o(d,) is the transverse impact
parameter uncertainty computed relative to the PV.

Muon candidates are reconstructed from track segments
in the various layers of the muon spectrometer and matched
with tracks from the ID [106]. The final muon candidates
are refitted using the complete track information from both
detector systems, and are required to satisfy pp > 10 GeV
and || < 2.5. Muons are required to satisfy the medium
identification requirements defined in Ref. [106], an
analogous multivariate isolation criteria to that used for
electrons, and |zg sin@| < 0.5 mm and |dy/o(dy)| < 3. In
the 07 channel, the transverse momentum requirement for
electrons and muons is lowered to pt > 7 GeV to remove
backgrounds containing leptons. Muon candidates satisfy-
ing pp > 4 GeV, |n| < 2.5, and the medium identification
requirements, are used to identify semileptonic b-hadron
decays and apply a muon-in-jet correction [107].

C. Jets

Jets are reconstructed using the anti-k, algorithm [99]
implemented in the Fastlet package [108,109] with a radius
parameter R = 0.4. Jets are required to satisfy pr >
15 GeV and || < 2.5. The inputs to the clustering algo-
rithm are determined with a particle flow algorithm that
matches tracks to calorimeter topological clusters [30]. A
multivariate jet vertex tagger (JVT) identifies jets with
pr < 60 GeV and || < 2.4 as originating from the PV,
suppressing jets from pile-up interactions [110]. A dedi-
cated measurement of the JVT efficiency is carried out
using Z — pp events, which is used to improve the simu-
lation and study the performance down to pp > 15 GeV.

The uncalibrated jet four-momentum is estimated as the
sum of the four-momenta of the constituent particle-flow
inputs. The energy is corrected for pile-up effects, and
simulations are used to calibrate the average jet energy
response to the particle-jet level. A dedicated calibration is
used for jets with pp > 15 GeV based on the global neural
network calibration method to improve the energy reso-
lution by correcting the jet energy scale as a function
of the tracks and topological cluster shapes without
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changing the average scale [111]. These sets of corrections
account for variations coming from the flavor of the jet and
the specific hadron composition arising from jet fragmen-
tation. A residual in sifu calibration is applied to data to
correct the residual difference between data and MC
simulations [112].

An isolation criteria for jets is defined by reclustering
calibrated jets [113] with an anti-k, algorithm and radius
parameter R = 0.8. Jets that are the sole constituent of a
reclustered jet are defined as isolated. The jet is not
considered isolated if electrons or muons are found in
the ring region 0.4 < AR < 0.8 around a jet, and if such a
lepton has a relative isolation, calculated based on the sum
of energies of the calorimeter topological clusters within a
radius of AR < 0.3 of the lepton, less than 0.1.

D. Large-R track-jet and subjet

The decay a — bb with high p$/m, can yield a single
jet originating from the hadronization of the two b-quarks.
In this merged regime, the standard jet reconstruction [30]
does not capture all the tracks from the hadronization of the
two b-quarks, preventing efficient flavor tagging with the
standard track collection associated with a jet. To capture a
more representative collection of particles from a merged
a — bb decay, a track-jet with an extended track collection
is associated with each isolated jet with pp > 20 GeV
and || < 2.0. The jet is required to be isolated so that there
is no ambiguity on the origin of the additional tracks.
Track-jets are reconstructed by reclustering jets and
tracks using an anti-k, algorithm with radius parameter
R =0.8. The tracks are ghost-associated with the jets
during the jet reconstruction [114]. This process creates
large-R track-jets around each isolated jet. The same radius
parameter was successfully used in a previous version of
this search [33]. The four-momentum of the track-jet is
estimated as the sum of the four-momenta of the constituent
tracks.

An exclusive-k;, (EXkEz)) clustering [115] of the track-jet
tracks is used to reconstruct the flight axes of the two
b-quark decays within a large-R track-jet. The exclusive-k,
algorithm is a sequential clustering algorithm that compares
the relative k,-distance min(pr;, pr;) X AR;; between
pairs of components (i,j) and the beam distance pr,;.
If the smallest value in the set is the beam distance, the
component is removed. On the other hand, if the smallest
value is the k,-distance, then components i and j are
clustered together into a pseudojet. The algorithm then
iterates over the merged pseudojets and stops when two
pseudojets remain, which are the track-subjets used to
estimate the flight direction of the two particle-jets merged
together. Studies based on boosted Higgs boson decays into
a pair of b-quarks show that the exclusive-k, clustering
identifies two subjets with the correct generator-level flavor
in approximately 90% of the jets [116].

E. Heavy-flavor tagging

The signal is characterized by the presence of multiple
b-quarks in the final state, 4b or 6b, which often can be
challenging to identify using traditional methods since the
decay products can be soft or overlapping in the detector.
Heavy-flavor identification is extremely important in this
search and several algorithms are used to identify h-hadron
decays.

Two algorithms are used to classify the flavor of jets.
DeXTer is an algorithm used to identify jets coming from the
overlapping hadronization of two b-quarks [28]. The DeXTer
algorithm uses the tracks from the associated large-R track-
jet to reconstruct secondary vertices, which provide a
distinctive signature of merged b-decays when more than
one is reconstructed inside the same jet or when they merge
in a single secondary vertex with very high mass. Displaced
tracks, secondary vertices, and the properties of the two

EXkEZ) jets are used in a deep-set neural network (NN) to
classify the flavor of the jet. The NN exploits the presence
of highly displaced tracks along the two flight axes and the
reconstruction of multiple secondary vertices with suffi-
ciently large mass to identify the merged hadronization of
two b-quarks. Jets that satisfy the DexTer 60% efficiency
working point (WP) are classified as B-jets. The classi-
fication is further refined by defining a tighter 40% WP.
When the distinction between the two WPs is needed, jets
satisfying the looser 60% WP but not the 40% WP are
referred to as B;, while jets satisfying the tighter 40% WP
are referred to as B;. The misidentification efficiency for
jets with a single b-hadron is up to 2.5% and 7%, for the
40% and 60% working points, respectively, as measured
using 7 events [28]. Contributions from other jet flavors are
found to be negligible in this search. In the 2¢ channel,
since the signal contains only low pr jets, the DeXTer
algorithm is not used for jets with pp > 200 GeV.

The three-momentum of a B-jet is defined by summing

the three-momentum of the isolated jet with up to one

muon candidate per EXkE2> -associated track-subjet if

AR(p, track-subjets) < 0.3. The main goal of this muon-
in-jet correction is to include muons arising from semi-
leptonic b-decays, which are expected to be close to the

flight axes of the two b-decays represented by the EXkEz)
axes. If multiple muon candidates satisty this AR require-
ment, the highest pp one is used. The mass of a B-jet is
derived using a NN-based regression with a similar struc-
ture to the one used for the DeXTer algorithm, but with an
additional deep-set encoder for muons inside the track-jet.
The NN regression is trained using a Huber loss [117] with
parameter 6 = 1 using signal MC samples that contain
merged a — bb decays. The target of the regression is
defined as the ratio of the generator-level mass, defined by
clustering all stable generator-level particles with an anti-k,
algorithm with radius parameter R = 0.8, and the track-
jet mass.
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Jets that are not classified as B-jets, either because they
fail to satisfy the isolation criteria or fail to meet the 60%
DeXTer WP, are classified as either b-jets or light-flavored
jets (called light jets), using the DLIr algorithm [29]. The
DLIr algorithm uses a deep NN combining information
from several specialized low-level taggers using informa-
tion from the interaction point, the impact parameter of
tracks, and secondary vertices to determine the probability
for a jet to be b-, c-, or light-flavored. The DL1r discriminant
combines the probabilities to define WPs based on the
efficiency to identify b-jets. Jets satisfying the 85% WP are
classified as b-jets, and otherwise as light jets. Four
WPs are defined, corresponding to efficiencies of 85%,
77%, 70%, and 60%. The five intervals define a pseudo-
continuous (PC) b-tagging score for b-jets. The four-
momentum of a b-jet is defined by summing the
four-momentum of the jet with that of up to one muon
candidate if AR(u,jet) < 0.3.

Finally, soft secondary vertices (soft-v, or simply v) are
used to identify heavy-flavor hadron production that is not
energetic enough to form a jet. Soft vertices are recon-
structed by clustering tracks using the TC-LVT algo-
rithm [31]. The clustering is based on the AR between
the tracks and the closest high-p, displaced seed tracks,
defined as pp>1.5GeV and |dy/o(dy)| > 0.5. A
secondary-vertex finding algorithm is run on all tracks
inside a cluster, which rejects tracks until a single vertex
can be fitted [118]. The four-momentum of the soft-v is
estimated as the vector sum of the tracks that fit the single
vertex. Soft vertices are required to satisfy a mass require-
ment 0.6 < m < 6 GeV and have pr > 3 GeV.

The generator-level flavor of nonisolated reconstructed
jets and of soft vertices is defined by AR-matching of
weakly-decaying b- and c-hadrons [29]. The generator-
level flavor of isolated reconstructed jets is defined by
ghost-association of b- and c-hadrons using an anti-k,
clustering algorithm with radius parameter R = 0.8. Only

b- and c-hadrons within AR < 0.3 of one of the two EXkE2>
axes are counted.

The B-jet identification efficiency of the DeXTer
algorithm is measured in collider data by using 7 and
Z+g(— bl_a) events [28]. This measurement is used to
correct the identification efficiency of heavy-flavor jets in
simulation as a function of the jet pr and # to match the one
observed in data. The efficiency scale factors are in the
range of 1.0-1.9 with uncertainties in the range of 0.1-0.5
[28]. The b-jet identification efficiency of the DLir algo-
rithm is also measured using t7, Z + jets, W + jets, and
multijet events [119-121]. In addition, ¢ and Z + jets
events are used to measure the identification efficiency for
the DLIr algorithm for jets with 15 < pp <20 GeV [50]
and the soft-v identification efficiency of the TC-LvT
algorithm [31]. Discrepancies between the identification
efficiency in simulation and in data stem from both

mismodeling of the detector response and of the underlying
physics processes.

F. Overlap removal

An overlap removal algorithm is applied to prevent
double-counting of objects. Electrons are removed if
they share their track with a muon. If an electron is within
AR < 0.2 of a jet, the jet is removed. However, if the
closest jet surviving is in the range of 0.2 < AR < 0.4 of a
selected electron, then the electron is removed. Muons are
usually rejected if they are separated from the nearest jet by
AR < 0.4, though the muon is still used in the definition of
the four-momentum of b-jets (see Sec. IV E). However, if
this jet has fewer than three associated tracks, the jet is
removed instead to avoid an inefficiency for high-energy
muons undergoing significant energy loss in the calori-
meter. Soft vertices within AR < 0.4 of a jet or within
AR < 0.8 of a B-jet are removed.

G. Construction of b-objects

Figure 2 shows a summary of the different heavy-flavor
algorithms used. The concept of a b-object is introduced to
provide a unified approach to heavy-flavor identification.
In the case of a b-jet or a soft-v, the four momentum of the
b-object is defined as the four-momentum of the b-jet or of
the soft-v, respectively. Two b-objects are defined per B-jet
by projecting the four-momentum of the B-jet onto the

four-momenta of the two EXkEz) jets.

isolated secondary

‘ jets
vertices

—

isolated non-isolated
jet jets

—

fail DEXTER
60% WP

-~

pass DL1R fail DL1R
85% WP 85% WP

|

’ jet b je“

(2 b-objects)

pass DEXTER
60% WP

I light jet

(1 b-object) (1 b-object) (not a b-object)

FIG. 2. Schematic overview summarizing the heavy-flavor
algorithms used and the criteria used to define the b-objects.
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H. Missing transverse momentum

The missing transverse momentum P, with magni-

tude E?iss, is calculated as the negative vector sum of the p7
of all reconstructed objects and any additional tracks not
associated with any reconstructed objects in the event,
called the soft term [122]. It measures the imbalance of the
transverse momentum in the detector, for example

from Z — wv.

. . . iss.eff -
The effective missing transverse momentum, E7"%", is

defined as the magnitude of the vector:

PR = B Y (o),

leptons

The ET™" variable considers the leptons as part of the
E™iss | facilitating comparisons of the ETS variables in
samples with different lepton multiplicities.

V. EVENT SELECTION

The analysis requires at least three b-objects,
n, + 2ng + n, > 3, as defined in Sec. IV G. Events with
exactly three b-objects are used to derive corrections to
the background modeling in simulation, as described in
Sec. VII. Events with at least four b-objects are used to
define the signal regions (SR) and control regions (CR).

The analysis uses events with zero, one, or two charged
leptons. The highest-pt lepton in events with at least one
lepton is required to have py > 27 GeV and to be matched
to an object reconstructed at trigger level with AR < 0.15
to ensure good modeling of the trigger in simulation.
Events with two same-flavor (SF) opposite-charge leptons
are required to satisfy a requirement on the invariant mass
of the two leptons m,, > 50 GeV. Events without charged
leptons are required to satisfy the ET'* trigger requirement
and have ET* > 150 GeV to ensure trigger efficiency in
the plateau, where the trigger is fully efficient [123]. After
applying these requirements, the event sample is predomi-
nantly comprised of Z + jets and #7 events.

For the 2-lepton channel, regions are defined depending
on the flavor of the leptons. SRs are required to have
two SF opposite-charge leptons satisfying |m,, — my| <
20 GeV. The same condition is applied to CRs enriched
in the Z + jets events. CRs enhanced in #f use events
with different-flavor (DF) leptons. In the H — 2a/a;a, —
(bb)(bb) analyses, events are placed in SRs and CRs
depending on how compatible a quadruplet of b-objects in
the event is with the signal Higgs boson decay. The
compatibility of each quadruplet in the event is assessed
by a NN, called the quadruplet selection NN. This NN is
invariant under permutations of b-objects and permuta-
tions of a-bosons, and is parametrized as a function
of the two a-boson-mass hypotheses: m, and m,,.
Events in which no quadruplets compatible with the

H — 2a/a a, — (bb)(bb) decay are found are placed
in CRs that are categorized based on the number of b-jets,
B-jets, and soft-v in the event. Events with at least one
compatible quadruplet are placed in SRs categorized based
on the number of b-jets, B-jets, and soft-v used to form the
most compatible quadruplet in the event. For the H —
aa, — 3a; — 3(bb) analysis, where full reconstruction of
all the objects in the final state is very rare, events are
categorized according to the number of reconstructed
b-jets, B-jets, and soft-v.

For the O-lepton channel, only events with exactly two
B-jets or with exactly one B-jet and two b-jets are used.
Events with exactly one lepton are used to define a CR
enriched in #7 events. Events with zero leptons are used in
SRs and CRs depending on how compatible the only
quadruplet of b-objects in the event is with a signal Higgs
boson decay, based on the invariant mass of the quadruplet
as described in Sec. VC. Events are placed in SRs
categorized based on the number of jets (n;), b-jets, and
B-jets. A summary of the event selection requirements, and
the signal and control region definitions are shown in
Table II

A. 2¢ channel: H - 2a — 4b and H — a,a, — 4b

In the 4b case, a quadruplet selection NN is used to
identify the b-objects in the final state. The signal H —
2a/aya, — 4b can result in different combinations of
reconstructed b-objects: b-jets, B-jets, or soft vertices.
The NN is trained to identify the best combination of
objects under the signal hypothesis of a Higgs boson decay
through two intermediate a-bosons, according to the NN
structure shown in Fig. 3. The diagram corresponds to an
example input combination that highlights that different
b-object inputs (B-jet, b-jet, and soft-v) have different
encoder NNs in the leftmost column. The second column
shows different encoder NNs for the two different
a-bosons, such that each possible quadruplet and each
possible pairing of a quadruplet goes through different NNs
in different orders, yielding different compatibility scores
that are used to select the best pairing.

The NN contains fully connected encoders for b-jets,
B-jets, and soft vertices. The encoded information is then
used in a pair of deep-set NNs, which ensure that the overall
NN score is invariant under permutations of (bb) <> (bb)
(Higgs boson deep sets) and b <> b (a-boson deep sets).
The a-boson deep-sets training depends on the true m,
value, since the reconstruction modes depend on the boost
of the a-bosons. When considering models with additional
a-bosons, H — aja, permutation invariance is broken by
assigning the different true mass values to each of the two
a-boson encoders.

The NN is built from up to five b-objects, as shown in
Fig. 4 for an example combination of objects. In cases
where more than five objects are reconstructed, the
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TABLE II. Summary of the event selection, and signal and control region definitions, for the 0Z and 2¢ channels. The different
variables are defined in Secs. IV and V.
07 20
Analysis channels H - 2a—4b H - 2a/aa, - 4b H - aja, — 6b
Common selection
Triggers Emiss Single lepton
Leptons pr > 7 GeV Lead pt > 27 GeV, sublead pt > 10 GeV

b-object multiplicity

n,=2,ng=1o0rng =2

n, +2ng +n, >4

Signal regions

Leptons

E’rlpiss

Z boson selection
Higgs boson selection
Multijet rejection

0 leptons
ERS > 150 GeV

|maq —my| <50 GeV
min Ag(E™, a cand) > 60°

2 SFOS leptons 2 SFOS leptons
|I’Vlff — mz| < 20 GeV

\mff - mz‘ < 20 GeV
High quadruplet NN score e

Categorization nj, ny, np,, N, Quadruplet NN prediction ny, Ny, Np,, N,
Binning e Loose, Medium, Tight BDT bins  Medium, Tight BDT bins
Control regions

Multijet ABCD method

150 < m,, — my < 250 GeV
min A¢(EP, a cand) < 30°

Lost lepton

Signal veto |maq —my| > 50 GeV

Leptons 1 lepton, pr > 27 GeV, AR(#,B) > 0.8
E_]}nss E’?lsaeff > 150 GeV
Categorization ny, np,Ng,

Z + jets enriched

Signal veto |ma, —my| > 50 GeV

Leptons 2 SFOS leptons, lead pt > 27 GeV
ER Eis <50 GeV, ™" > 30 GeV
Z boson selection |mgp —my| < 10 GeV
Categorization ny, np,, N,

tt enriched
Leptons
Categorization

Loose BDT bins
2 SFOS leptons
ERMiss < 60 GeV
|msp —my| < 10 GeV
Ny, Ny, nB,’ nB,

Low quadruplet NN score
2 SFOS leptons
ERis < 60 GeV

|mgp —my| < 10 GeV
ny, ny, nB,7 nB,

2 DFOS leptons
ny, Ny, nB,’ nB,

b-objects with highest pt are used. Input combinations
with more than one soft-v are not considered, since they do
not contribute significantly to the acceptance. Kinematic
variables characterizing the Z boson are also used in
the NN. Table III summarizes the input features used for
the quadruplet selection NN. The input features include the
four-momenta of each input object and the likelihood for
their flavor to be properly reconstructed.

The NN is trained with all H — 2a — 4b signal simu-
lation samples. In addition, it also uses background events,
Z + jets and ff to provide training samples with broader
quadruplet pp and m distributions. The samples are split
into training and validation samples, and the validation
sample is used to measure the performance and check for
overtraining. All permutations satisfying the selection
criteria described above are included in the training and

the correct permutation is identified based on the generator-
level event history information. The NN is trained by
minimizing a binary cross-entropy loss in which the correct
permutation has label one and all wrong permutations have
label zero. In the case of background events, all permu-
tations have label zero.

The reconstructed event hypothesis with the largest score
and the value of the NN score, 5’$§d’ are used for event
classification. The accuracy of associating b-partons to
b-objects ranges from 60% to 98% depending on the type
and properties of the reconstructed object and the signal.

Signal regions: Five SRs are defined based on the objects
of the selected quadruplet and the value of the score y;‘éd.
For events with quadruplets formed with two B-jets (2B),
the score is required to be larger than j}ﬁ“ed > 0.5. For the
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I BjetNN

b-object 1 b-jet NN

v NN

a-boson NN

I+ B-etNN

b-object 2 b-jet NN

Q" ®_> Higgs NN — @

oMa
Ypred

B-jet

b-object 3 ——» b-jet NN

v NN

a-boson NN

B-jet NN

b-object 4 b-jet NN

FIG. 3. Diagram of the NN used for an example of a quadruplet selection showing the case of a hypothesis with B-jets, b-jets, and soft-
v. All filled blocks are dense multilayer perceptrons (MLP) that share common weights between MLPs of the same color. The a-boson
MLPs are parametrized as a function of the mass hypothesis m,,. Unfilled rectangles are inputs from the four b-objects and the Z boson.

The value of the quadruplet selection score, j)g‘éd, is used to classify the b-object quadruplet. In events with more than 4b-objects,

different quadruplets are tested to identify the one with highest likelihood to come from a Higgs boson decay.

Bjet % Bjet

FIG. 4. Diagram depicting an example of how the NN selects a quadruplet. Each b-object is represented as an MLP (b-object MLP).
The a-boson is represented as a pairing between b-objects, which also corresponds to an MLP (a-boson MLP). All physically motivated
pairings are considered, including loop pairings representing merged reconstructed objects. The a-bosons themselves form new pairings
representing the fully reconstructed Higgs boson, which also corresponds to an MLP (Higgs MLP). The value of this last pairing is used
to select the quadruplet. The middle diagram shows the two reconstructed a-boson candidates and the rightmost diagram shows the final
Higgs boson candidate.

cases where the quadruplet is formed with one B-jet and jlgir‘éd > 0.05. The choice of this )A)g;‘;d requirement is

two b-jets (1B2b); with one B-jet, one b-jet and one v intended to maintain high acceptance while ensuring
(1B1b1v); with three b-jets and one v (3b1v); and with  accurate reconstruction of the Higgs boson decay for

m

four b-jets (4b); the score is required to be larger than  signal samples across the mass range probed. The 5)pr’éd
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TABLE III. List of features used as input for the quadruplet
selection NN. The input objects are described in Sec. IV. The Z
boson candidate is reconstructed as the sum of the four-momenta
of the two leptons.

Feature Description
DeXTer-tagged B-jet
pr(B) Jet transverse momentum
mpg Track jet mass
n(B) Jet pseudorapidity
¢(B) Jet azimuthal angle
B, or B Satisfies loose or tight DeXTer requirement
DLIr -tagged b-jet
pT(b) Jet transverse momentum
my, Jet mass
n(b) Jet pseudorapidity
¢ (b) Jet azimuthal angle
PC score The pseudocontinuous DLIr score
Soft secondary vertex v
my Track mass of the secondary vertex
pr(v) Secondary vertex transverse momentum
n(v) Secondary vertex pseudorapidity
P(v) Secondary vertex azimuthal angle
Lsp Decay length relative to the PV
St Decay length significance
Z boson candidate
pr(Z) Z boson candidate transverse momentum
n(Z) Z boson candidate pseudorapidity
P(Z) Z boson candidate azimuthal angle
Myy Z boson candidate mass
T T T T T T T T T
10t ATLAS ¢ Data --- Signal(x10)
Vs =13 TeV, 140 fb”' MZz+>1B @Z+21b
2¢-channel, m, = 25 GeV [l Z + light [t +> 1B
2B category Ot +>1b [t + light
10°F  Post-it [ Other %% Uncertainty
S
2
5]
>
w
b5
fel / //// o /%
§ 0.75
0% 02 0.3 05 06 07 08 1
Quadruplet selection score
(a)
FIG.5. The quadruplet selection score $7¢,

requirements are not optimized to reject background since a
dedicated discriminator is used based on the properties of
the selected quadruplet. Figure 5 shows example distribu-
tions of the )Az;';"ed observable for the 2B and 1B2b cases.

Control regions: Six CRs for each of the main back-
grounds Z + jets and 7 are used based on the b-object
multiplicity, as summarized in Table IV. The regions dis-
tinguish between events containing jets satisfying the loose
and tight DeXTer tagging requirements to enhance the
sensitivity to different heavy-flavor background compo-
nents. The control regions including the combination of
b-objects corresponding to 1825 and 1B1b1v are combined
due to the low expected number of events. The Z + jets
control regions are defined by inverting the requirements on
the quadruplet selection NN score jzgigd Additional require-
ments are applied to the Z + jets control region to increase
the purity: |mz, — my| < 10 GeV and EFss < 60 GeV. The
same categorization is used to build the control regions
enriched in ¢ events using events with two charged leptons
of DF. In this case, no quadruplet selection is applied, since
the signal has SF leptons, and no additional mass cut is
imposed, since the region is already very pure in {7 events.

B. 2¢ channel: H — a a, — 3a; — 6b

The 6b search targets signals where the Higgs boson
decays into two a-bosons with different mass H — a;a,
and the heavier one can then decay into the lighter one,
a, — 2a;, resulting in six b-quarks in the final state
H — aja, - 3a; — 6b. In only approximately 1% of
the signal decays, the six b-objects would be reconstructed
and if the full reconstruction of the Higgs boson cascade

T T T T T T T T T
10*F ATLAS ¢ Data --- Signal(x10)
Vs =13 TeV, 140 fb”' WZz+>1B @Z+>1b
2¢-channel, m, = 25 GeV [l Z + light [t +> 1B
.| 1B2b category [tt+>1b [Jti + light
10°F  Post-fit [ Other 7 Uncertamty
s
P
c
[
>
i}
B
| )
©
w 0.75
0 o5
0 01 02 03 04 05 06 07 08 09
Quadruplet selection score
(b)

distribution assuming the signal hypothesis m, = 25 GeV for the b-object categories (a) 2B

and (b) 1B2b. Signal events for the m, = 25 GeV mass hypothesis are also shown, assuming 3 = 1 and scaling this signal by a factor of
ten. The category labeled “Other” includes processes with small contributions to the total yield (diboson, 7Z, and t7W). The lower panels
show the ratio of the observed to the estimated SM background. The hashed area represents the total uncertainty in the background.
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TABLE IV. Overview of the b-object multiplicity regions used for the control regions in the search targeting the
4b final state. The subscripts in B; and B, refer to the DeXTer B-jet loose and tight working points, respectively.

2£4b control regions B-jets b-jets Soft v
BB, >2B, or 1B, + 1B,

2B, > 2B, .
1B,2b (includes 1B,1b1v) 1B, >2 (or >1 and > 1)
1B;2b (includes 1B;1b1v) 1B, >2 (or>1 and > 1)
4b 0 >4 o
3blv 0 >3 >1

TABLE V. Overview of the multiplicity regions designed to
target the 6b final state for both signal and control regions. No
requirement on the number of soft vertices is applied for the
2B0b, 2B1b, and 1B2b regions.

2£6b regions B-jets b-jets Soft vertices
2B0b >2 0

2B1b >2 > 1

1B2b 1 >2 .
4b0v 0 >4 0
4blv 0 >4 >1
3blv 0 3 1

decay were required, the signal efficiency would be low.
Instead, the analysis is performed with partially recon-
structed events that are classified solely based on the
number and type of reconstructed b-objects, and no attempt
to identify all the b-objects in the event is made. Moreover,
the regions are not defined exclusively to account for the
rare cases where more than four b-objects are recon-
structed. Table V summarizes the b-object multiplicity
used to form the event regions when searching for signals
with six b-quarks in the final state.

The SRs and the Z + jets CRs are defined by the boosted
decision tree (BDT) discriminators described in Sec. VI B.
To increase the purity of Z + jets events and suppress #7
contributions in the CRs, stricter requirements are applied
on the dilepton invariant mass |m,, — my| < 10 GeV and
the missing transverse momentum ET* < 60 GeV. The 17

control regions are defined using the same b-object
multiplicity categories shown in Table V. As in the case
of 4b, events with different-flavor leptons are selected, and
no additional selection is applied on the invariant mass of
the leptons m,,.

C. 07 channel: H — 2a — 4b

Since it uses a relatively simpler signal region selection
and background discrimination strategy, the 0 channel is
used only to search for H — 2a — 4b decays. Events in the
07 channel are sorted into eight regions depending on the
total number of jets (j), the B-jet multiplicity and whether
they are tight or loose (B, or B;), and the b-jet multiplicity,
as shown in Table VI. The regions with two b-jets are also
required to have A¢ (b, b,) < 100° to suppress contribu-
tions from QCD multijet production.

In each category, the heavy-flavor jets are used
to reconstruct the Higgs boson. This parton-jet matching
is nearly fully accurate due to the large Higgs boson
boost imposed by the EM trigger requirement. The 2B
channels target a-boson masses in the range of m, ~
1020 GeV, while the 1B2b channel is more sensitive to
m, ~20-30 GeV. The Higgs boson mass my ~ m,, is
defined as the invariant mass of the a-candidate jets,
depending on the final state. For the final state channel
with two B-jets, each B-jet is an a-candidate, and thus m,,
is defined as m, . For the final state channels with one B-jet
and two b-jets, the B-jet is an a-candidate and the two
b-jets combined are an a-candidate, and thus m,, is defined

TABLE VI. Overview of the signal regions for the 074b final state. The requirements on the number of jets are
exclusive.

074b Regions B-jets b-jets light-jets Additional selections
2B,(2)) 2B, 0 0

B,B;(2)) 1B, + 1B, 0 0

2B,(2j) 2B, 0 0

2B,(3)) 2B, 0 1

B,B,(3)) 1B, + 1B, 0 1

2Bl(3j) 2B, 0 1 -

1B,2b 1B, 2 0 Ap(by, by) < 100°
1B,2b 1B, 2 0 Ag(by,by) < 100°
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as m gy, Events are categorized into regions based on the
number of leptons and Emssell,

Signal regions: Events are required to be selected
with the EFSS trigger and satisfy EM > 150 GeV to
ensure high trigger efficiency. Events are also required
to have no charged leptons with pp > 7 GeV and satisfy
|ma, — 125 < 50 GeV. An additional selection require-
ment on the minimum azimuthal distance between
the EYSS vector and the two reconstructed a-bosons,
min A¢(ETS, a cand) > 60°, is imposed to suppress multi-
jet backgrounds.

Control regions: Events in the 1£ CR are selected with
single-lepton triggers and requiring exactly one charged
lepton with pp > 27 GeV matched to the object recon-
structed at trigger level. The lepton is also required to have
AR(7, B) > 0.8, since most sources of backgrounds do not
have leptons produced close to the jets. In order for the CR
to be as similar to the SR as possible, events are required
to satisfy ET" > 150 GeV. Finally, events must have
|mg, —125| > 50 GeV to remove contributions from the
signal W(— #v)H production mode. The processes in the
17 CR are also background processes in the SR when
the lepton is outside of acceptance region or when it is
not successfully reconstructed and identified (lost-lepton
background).

A CR with 27 is used for results using the 0Z channel
only, mainly to study the sensitivity of this channel alone.
This region contains events selected with the single-
lepton trigger with exactly two charged leptons with
pr > 15 GeV. The leading lepton is additionally required
to satisfy pr > 27 GeV and to match to an object
reconstructed at trigger level. Leptons are required to
have AR(Z,B) > 0.8 and events are required to satisfy
EPsel 5 30 GeV. Events are also required to have
|ma, —125| > 50 GeV to remove contributions from the
Z(— ¢¢)H production mode and are required to have
|mgsy —my| < 10 GeV and EF's < 50 GeV to improve the
purity of Z — £¢ events.

VI. SIGNAL AND BACKGROUND
DISCRIMINATION

A. 2¢ channel: H — 2a — 4b and H — aja, — 4b

As described in Sec. V A, the 27 quadruplet selection NN
selects the best combination of four -objects to reconstruct
the decay chain H — 2a/a,a, — 4b. The score of the best
hypothesis provides strong discrimination between signal
and background since the main sources of background
do not have a similar cascade decay. The Higgs boson is
constructed from the two a-bosons and the Z boson is
constructed from the two leptons. Additional kinematic
properties further discriminate signal from background, and
these variables are used as inputs to a BDT.

The BDT is trained using the input features summarized
in Table VII separately for each mass hypothesis and for

each region. Signal events are characterized by the presence
of a resonance resulting from the Higgs boson decay
H — 2a/aa, — 4b, where these four b-objects are deter-
mined by the quadruplet selection NN. Several variables
are used to reconstruct the particles from the signal decay
chain and probe their kinematic properties. These include
the kinematics of the a-bosons, particularly the transverse
momentum pr(a) and the reduced mass, defined as:

en
me = m, — m§

where m§™ corresponds to the mass hypothesis under
consideration. Other variables include the transverse
momentum of the Higgs boson p(H) and the reduced
Higgs boson mass m'! reconstructed from the two
a-bosons, defined as:

red _ ( gen)

gen
my my — my ),

- (mlll - m%?n) - (maz — Mg,

where m%" = 125 GeV corresponds to the Higgs boson

mass, and m§," and mg," to the a-boson mass hypotheses
being considered, where these can be equal to each other or
correspond to two different a-bosons. The ordering a; , of
the two reconstructed a-bosons is determined by the
quadruplet selection NN, which ensures consistent ordering
in the case of models with different a-bosons, and con-
sistent ordering based on reconstruction channel in models
with a single a-boson. The reduced mass m'd has better
resolution than my due to correlations in the energy
response of the jets.

Additional kinematic variables show differences
between signal and background and are used as input
variables for the BDT. The cosine of the polar angle of the
a-boson in the rest frame of the Higgs boson, cos 6*, is
sensitive to the spin-O nature of the Higgs boson. The
spin-1 nature of the Z boson is probed by the cosine of the
angle between the two leptons (7 and ¢,) in the Collins-
Soper (SC) frame [124] cos O¢g, defined as

O =6t
Mee\)Myp + p1(Z)

where ¢ = (E; + p.;)/+/2 with E; and p.; correspond-
ing to the energy and momentum along the z-direction of
the lepton i =1, 2, and where p(Z) is the Z boson
transverse momentum. The variables capturing the kine-
matics of the Z boson are pr(Z) and the Z boson mass m .
In addition, the kinematics of the ZH events, where the Z
boson is recoiling against the Higgs boson in the case of the
signal, is probed by the separation in ¢ and 5 between the Z
boson and the Higgs boson, A¢(H,Z) and An(H,Z),
respectively. Finally, the E?i“ variable is used to distin-
guish the #f background, which contains neutrinos in the
final state, from the signal.

cosOcg = 2
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TABLE VIL

List of input variables for the multivariate BDT discriminant used to distinguish signal and

background in the 2¢ channel.

Feature

Description

2¢4b Variables

pr(ar), pr(as)

a-boson transverse momenta

mid, migd a-boson reduced masses
misd Higgs boson reduced mass
pr(H) Higgs boson transverse momentum
cos 6* Cosine of the a-boson polar angle in the Higgs boson rest frame
cos Ocg Cosine of the angle between leptons in the Collins-Soper frame [124]
pr(Z) Z boson transverse momentum
My Z boson invariant mass
|Ap(Z, H)| Azimuthal angle between the Higgs boson and the Z boson
|An(Z, H)| Pseudorapidity separation between the Higgs boson and the Z boson
yg’r; " Quadruplet selection NN score
ERpiss Missing transverse energy
2¢£6b Variables
Mipel Invariant mass of all b-objects
AR(B,B) AR between the two leading B-jets
AR(B, bb) AR between the leading B-jet and the 4-momentum sum of the two leading b-jets

A Raverage (b, b)
AR(EXK? EXk?)
cos 0*(2B)

cos 0*(1B2b)
cos(6*)(incl)

E?iss

AR between two b-jets, averaged over all possible pairs of b-jets

AR between the two EXkE2> associated track-subjets for the leading B-jet
Cosine of the sum of the two leading B-jets in the ZH rest frame
Cosine of the sum of the leading B-jet and the two leading b-jets in the ZH rest frame
Cosine of the sum of all b-objects (B-jets, b-jets and soft vertices) in the ZH rest frame
Missing transverse energy

H}-Fld
AR(Z.£)

Scalar sum of the pr of all jets
AR between the two leptons

Figure 6 shows several key kinematic distributions used
as inputs for the BDT. The BDT training is performed using
the XGBOOST framework [125]. The output score is used to
define three bins (loose, medium, and tight), which are
optimized for each signal mass hypothesis and each region
based on the expected signal significance. The loose and
medium regions are enriched in backgrounds and are used
to validate the agreement between the data and the back-
ground predictions for the BDT input variables in several
regions that probe different background composition. Good
agreement between data and the background prediction is
observed.

B. 2¢ channel: H — a,a, - 3a; — 6b

As described in Sec. V B, six regions are used to search
for H — aja, — 3a; — 6b decays based on the number of
b-objects in the final state. Even though there is no attempt
to identify all the objects in the final state, a similar strategy
is employed to discriminate signal and background by
combining kinematic variables into a multivariate BDT
discriminant in each region. The Higgs boson is

constructed from the sum of the b-objects, while the Z
boson is determined from the two leptons. The input
variables are summarized in Tables VII and VIII shows
the combination of variables used in each region.

The kinematic variables include the invariant mass of
all reconstructed b-objects, m;,., which peaks around the
Higgs boson mass for the signal. Additional variables
probe differences between the angular separation between
b-objects in signal and background, which are typically
more separated for backgrounds such as 7 since the
b-objects originate from the decays of different particles.
The separation variables depend on the b-objects available
in the final state and if multiple b-objects are available, the
ones with the highest transverse momentum are used. If
B-jets are available, the angular separation between two
B-jets AR(B, B), between a B-jet and the sum of two b-jets

AR(B, bb), or between the two EXkE2> track-subjects in the
B-jet AR(EXkEz), EXkﬁz)) are used. In the case of multiple
b-jets, the angular separation between the b-jets, averaged

over all combinations of b-jets, AR™*™&(p, b), is also used
as an input variable.

072005-14



SEARCH FOR DECAYS OF THE HIGGS BOSON INTO SCALAR ...

PHYS. REV. D 112, 072005 (2025)

T T

¢ Data S|gnal(x2)
-Z+>1B -Z+>1b
[z +light @Att+=1B
@t +21b [ + light

T
ATLAS
fs=13TeV, 140"
m, =25 GeV
SR 1B2b

T
ATLAS
fs=13Tev, 140"
m, =25 GeV
SR 1B2b

T T
ATLAS
fs=13Tev, 140 fbo"
m, =25 GeV
SR 1B2b

¢ Data S\gnal(xZ)
-Z+>1B -Z+>1b
Mz +light @Att+21B
@ti+=1b [t + light

¢ Data S\gnal(xz)
-Z+>1B -Z+>1b
Mz +light @@tt+>1B
@ti+=1b [t + light

% Post-fit [ Other 77, Uncertainty E 400 Post-fit [ Other 7/ Uncertainty %} Post-fit [ Other 7/ Uncertainty ~ —]

0] 0] 9} 1

o o o 11

w -~ -— —

~ ~ 300 = 1

[} [} [2]

€ € € 1

g g 2 ]

w 1 200 w i
100] ]

L o h .

- 1. - 1.5 - 1.5

© 1.25¢ D 1.25 D 1.25

=y s Wi = s ///// //

< 0.75F < 0.75 « 0.75

S o S 05 S 05

0 oo 50 0 50 100 150 200 © 720 715 710 E 10 15 20 © 20 15 10 75 20

mil, [GeV] M [GeV] mie, [GeV]
(@) (b) (©

FIG. 6. The kinematic distributions for events in the 152b signal region assuming the a-boson signal mass hypothesis m, = 25 GeV;
(a) the reduced mass of the reconstructed Higgs boson, (b) the reduced mass of the reconstructed a;-boson, and (c) the reduced mass of
the reconstructed a,-boson. The SM background is compared with the expected signal events assuming B(H — 2a — 4b) = 1 and
scaling such an expected signal by a factor of two. These are the highest-ranked variables in the BDT used to discriminate between signal
and background. The category labeled “Other” includes processes with small contributions to the total yield (diboson, #7Z, and /tW). The
lower panels show the ratio of the observed to the estimated SM background. The hashed area represents the total uncertainty in the

background.

In addition, the variable cos@* can also be used
to distinguish signal and backgrounds since it probes the
spin-0 nature of the Higgs boson. In this case, the polar
angle of the Higgs boson is used in the rest frame of the
parent ZH system. Three variables are used to discriminate
signal from background based on the properties of the
backgrounds. These include the ET!sS variable, which is
expected to be larger in the case of the 77 background, due
to the presence of neutrinos, and the H%ad variable, defined
as the scalar sum of the pt of all jets, which is also expected
to be larger in 77 events due to the larger mass and hadronic
activity. Finally, the separation between the Ileptons
AR(Z,¢) tends to be smaller for signal than for the
Z + jets background since the Z boson tends to have lower
transverse momentum in the latter case. The BDT is trained
similarly to the 4b regions (see Sec. VI A).

TABLE VIII. List of variables used for the multivariate BDT
discriminant in the 6b regions.

Variable 2BOb 2B1b 1B2b 4b 4blv 3blv
Minel v v v v v v
AR(B.B) v v ..

AR(B.bb) S
ARaverage(b’ b) - L. v v Ve
AR(EXK?Y EXK?) v v

cos(6*)(2B) v e

cos(6*)(1B2b) oo e
cos(6*)(incl) .. . Y S v/
Emiss 4 v v v v v
Hhad v e v/ v v
AR(?,7) v v v v v v

VII. BACKGROUND ESTIMATE
A. Background estimate for the 2¢ channel

The backgrounds in the 2¢ channel are described using
MC simulations that are corrected to data for the two
main sources of background events: Z + jets and f7.
The correction factors are derived using data samples
enhanced in these two types of background processes
following a similar procedure to several other ATLAS
analyses [126,127].

Corrections to 7 are derived using events that have
two DF opposite-charge leptons and at least two b-jets.
The corrections are also applied to the single top tW
process, since it cannot be distinguished from ¢ when
additional jets are produced. For Z + jets, corrections are
derived using events with two leptons with the same flavor
and opposite-sign charge (SFOS) and at least two jets.
Events are also required to satisfy nj, + 2ng +n, =3,
|msy —my| <20 GeV, and EFsS < 60 GeV to reduce 17
contributions.

A first step, only applied to the 7 and W processes,
corrects the rate of production of additional heavy flavor
(HF) jets, which is known to be mismodeled at high
multiplicities of heavy-flavor jets [128]. This correction
is derived from the distribution of the sum of the PC
b-tagging scores for all jets in the event. The ratio of the
observed data and predictions are used to reweight the #7
and tW events as a function of this distribution, and Fig. 7
shows the variable after the correction is applied.

The second step improves the modeling of kinematic
properties, particularly at high jet multiplicities and high jet
P, to match observed distributions in data. For both ¢7 and
Z + jets events, the jet multiplicity distribution is corrected
in simulation to match the data. An additional correction
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FIG. 7. Comparison of data and simulation for the sum of the
PC b-tagging score of all jets per event, after applying a
correction to account for the different fractions of /7 components
with additional heavy-flavor jets. The lower panel shows the ratio
of the observed to the estimated SM background. The shaded area
represents the combination of statistical and flavor-tagging
uncertainties. The category labeled “Other” includes processes
with small contributions to the total yield (diboson, t7Z, and #W).
The correction is less than 5% in the bulk of the distribution,
increasing to 20-30% in the tail.

to improve the modeling of the pt of objects in the event
is applied using different kinematic variables for 77 and
Z + jets events. For the 77 background, the variable used for
the correction is a modified version of Hr, the scalar sum of
the pp of all jets and leptons. The reduced Hy or HY¢
variable is then defined as the Ht corrected by the average
pr contributed by each additional jet, where the correction
is applied to reduce the dependence on the jet multiplicity.
The variable H¢ is defined as:

HEE = Hy — (n; — 2)AHr,

where n; is the number of jets in the event, and AHr is the
approximate contribution of each additional jet to the Hr,
defined as:

n; ni=2
Hy) — (HY
i = (WY

nj =2 n=34,...28

where Ht"i is the Ht value for an event with jet multipli-
city n;. For the case of Z + jets, the variable used for the
correction is the transverse momentum of the Z boson pZ.
The resulting distributions comparing data and simula-
tion after applying the kinematic corrections on the jet
multiplicity and on H® or p% are displayed in Figs. 8(a)
and 8(b) for 77 and Z + jets, respectively.

B. Background estimate for the 0Z channel

For the 07 channel, the backgrounds can be classified
according to the source of ETsS, The first source is ETss
from neutrinos, which do not interact with the detector,
mainly from Z + jets with Z — vv. Another source of ErTniss
arises from leptons failing reconstruction, identification, or
isolation requirements, referred to as “lost-leptons,” pri-
marily from f7 4 jets, W + jets, and single-top events.
Finally, ET also arises from the mis-measurement of
the jet energy, which can occasionally cause high E?iss that
is typically aligned with the jet. This corresponds to the
QCD multijet background.

Several methods are used to estimate the background
contributions to the SRs, depending on the source of ERss.
As described in Sec. V C, CRs enhanced in background
processes are used to normalize the dominant background
predictions to data. The 2¢ CR is used to normalize the
Z + HF background that has E%ﬁss from neutrinos, while
the 1 CR is used to normalize the backgrounds with lost-
leptons.

The QCD multijet background is estimated from data
using an “ABCD” method, where requirements are applied
on two variables separating signal and background defining
four regions. The background yield in the SR is estimated
by using the other three CRs. The two variables used are the
minimum difference between the azimuthal angle of the
EMiss vector and the two a-candidates, min Ag(ETS, a),
and the invariant mass of the two a-candidates that
reconstruct the Higgs boson, m,,, where the a-candidates
are formed from a B-jet or two b-jets, depending on the
final state. The signal tends to have higher min Ag(ERS, a)
compared with the background, and a requirement of
min Ag(ERS, a) > 60° is used to define the SR, while
events with min Ag(ETS, a) < 30° are used in the CRs.
Events in the SR are additionally required to satisfy
75 GeV < m,, < 175 GeV, while events with 275 GeV <
My, < 375 GeV are used in the CRs. The mass range for
the SR is chosen to have high signal efficiency and the
range for the CRs are chosen to be of the same size as the
SR. Validation regions next to the SRs are used to validate
the background estimate. A schematic of the regions is
shown in Fig. 9.

The QCD multijet background in each of the CRs: B, C,
and D is estimated as the difference between event yields in
data and the background prediction for all other processes.
The QCD multijet background estimate in the SR A is
determined as A = B x (C/D). The QCD multijet back-
ground estimate is validated in a sample that is similar to
the SR but enhanced in background events (validation
region A*, using control regions B*, C, and D). The
validation region shows good agreement between data and
the background prediction, indicating that the degree of
correlation between the two variables used in the ABCD
estimate does not have a significant effect on the result. The
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FIG. 8. Comparison of data and simulation for (a) H distribution used for the modeling of the 77 background and (b) p% distribution
used for the modeling of the Z + jets background, after applying corrections. The lower panels show the ratio of the observed to the
estimated SM background. The shaded area represents the combination of statistical and flavor-tagging uncertainties. Overflow events
are included in the last bin. The category labeled “Other” includes processes with small contributions to the total yield

(diboson, t7Z, and tfW).
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FIG. 9. Diagram of the four regions used in the “ABCD”
method to estimate the QCD multijet background for the 07
channel. The regions A* and B* are used to validate the estimate
and derive uncertainties.

estimate obtained with the validation region is used to
derive an uncertainty in this background contribution, as
described in Sec. VIII B.

VIII. SYSTEMATIC UNCERTAINTIES

A. Experimental uncertainties

The uncertainty in the integrated luminosity for the full
Run 2 data is 0.83% [61]. An uncertainty associated with
the modeling of the pile-up in simulation covers the
difference between the predicted and measured fiducial
inelastic cross section [129].

Uncertainties associated with charged leptons arise from
the trigger, reconstruction, identification, and isolation, and
the momentum scale and resolution. Efficiencies, and scale
and resolution calibrations are measured using Z — £7¢~
and J/yw — £1¢~ events [102,106]. Systematic uncertain-
ties in these measurements are applied to electrons and
muons, accounting for 22 independent variations.

Uncertainties associated with the ET'® trigger are propa-
gated from a dedicated measurement of data-to-simulation
scale factors [123]. The trigger efficiency as a function
of the offline EM* for an inclusive sample is compared
with events with at least four jets. The differences between
the efficiency in these two samples are incorporated
as an uncertainty as a function of offline £ and these
differences are below 2%.

The jet energy scale uncertainty is derived by combining
information from test-beam data, LHC collision data and
simulation [112]. The jet energy resolution uncertainty is
derived from simulation and dijet pp-balance measure-
ments as a function of jet pr and rapidity [112]. The
uncertainty in the JVT efficiency to identify and remove jets
from pile-up is measured in Z — p* ™ events in data [110].
This measurement is extended to cover low-py jets with
15 GeV < pr < 20 GeV, with uncertainties in the range
of 1-3%. Additional uncertainties are considered related
to the jet flavor, pile-up corrections, and high-pr jets.
Systematic uncertainties in these measurements account for
32 independent variations.

The uncertainties in the efficiency to tag jets using DLIr
are derived using measurements in data as a function of pr
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for b-jets, c-jets, and light-jets separately. The efficiency
to correctly tag b-jets is measured using dileptonic 7
events [119]. The mistag rate for c-jets is measured using
hadronically decaying W bosons from single-lepton 7
events [120]. The mistag rate from light jets is measured
using a negative-tag method in Z + jets events [121].
Several uncertainty components are considered for the
calibration of the four working points used, resulting in
45, 20, and 20 uncorrelated variations for b-, c-, and light
jets, respectively.

Uncertainties in the efficiency to tag jets using DeXTer are
derived using calibration measurements in data as a func-
tion of the p of the jet for B-jets and b-jets [28]. The other
flavors have negligible contributions to the analysis.
Efficiencies to correctly tag B-jets and mistag b-jets are
derived using 7 and Z + g(— bb) events. The efficiency
measurement uses gluon splitting g — bb, since it is the
main SM source of b-quark pairs at low pt. This meas-
urement is extended to cover high-py jets with 200 GeV <
pt < 500 GeV using the same calibration methods [28],
which is particularly important for the 0 channel. The
DeXTer efficiencies are measured in several bins of pr and
generator-level flavor. All sources of systematic uncertainty
are described in Ref. [28]. The covariance matrix from a
simultaneous fit to all bins in jet pr, working point range,
and generator-level flavor of the jets are diagonalized into
12 uncorrelated eigenvectors that are used as uncertainty
variations.

Uncertainties in the reconstruction efficiency for
b-decays and the mistag rate for the soft-v identified using
the TC-LVT tagger are derived using 77 events, as described
in Ref. [31]. The uncertainties are derived as a function of
the actual pile-up and are accounted for as three indepen-
dent sources. Since the soft-v are reconstructed from tracks,
uncertainties in the selection efficiency and the misrecon-
struction of tracks are propagated to the soft-v four
momentum. The tracking uncertainties are derived from
studies of the material in the ID and the physics models
used in the Geant4 detector simulation [100,130] and are
included as 12 independent variations.

A large-R track-jet mass scale correction is determined
using Z + jets events with one b-jet and one B-jet. These
events have large HF jet multiplicity but are not part of any
signal or control region. The data-to-simulation mass scale
correction is derived from a fit to the observed large-R
track-jet mass distribution. The correction required is below
5% and the uncertainty in the fit is propagated to the
analysis.

All uncertainties related to the energy scales or reso-
lution of the reconstructed objects are propagated to the
E™ss calculation. Additional uncertainties are derived using
measurements in Z — £ events in data [122]. Three
additional independent uncertainties associated with the
scale and resolution of the soft term are also included.

B. Modeling uncertainties

The systematic uncertainties affecting the modeling of
the signal and the main backgrounds, ¢f and Z + jets, are
due to effects such as missing higher-order terms in the
perturbative QCD calculations, and the choice of PDF set,
PS and hadronization models. Several uncertainties are
derived using alternative simulated MC samples, which are
listed in Table L.

For the ff background, an uncertainty related to the
amount of initial-state radiation (ISR) is estimated by
simultaneously varying the renormalization and factoriza-
tion scales in the ME and in the PS [131], and an
uncertainty related to the final-state radiation (FSR) is
estimated by varying scales in the PS. For the Z + jets
background, an uncertainty is derived from the envelope of
seven scale variations of the renormalization ui and
factorization ug scales covering the pairwise combinations
of increasing and decreasing the scales by a factor of two.
The effect of PDF variations [132] on the shape of
distributions and the uncertainty in the value of a, are
also considered.

For the 7 background, an uncertainty associated
with the choice of PS and hadronization model is assessed
by comparing the nominal sample generated with
Powheg Box V2+PYTHIA 8 to a sample generated
with Powheg Box Vv2+HERWIG 7. A comparison with
MADGRAPH5_AMC@NLO+PYTHIA 8 is also used to assess
the uncertainty arising from both the ME corrections and
the choice of procedure matching ME and PS at NLO.

For the Z + jets and W + jets backgrounds, the nominal
sample generated with Sherpa is compared with an alter-
native sample with MADGRAPH5_AMC@NLO+PYTHIA 8,
which is produced with up to three additional partons at
NLO accuracy [133]. The uncertainty in the heavy flavor
components is derived by comparing the nominal Z + jets
sample with alternatives with varied settings for the overlap
between matrix element and parton shower emissions
and for the resummation scale [134]. An uncertainty in
the ME matching (CKKW) is estimated by varying the
scale used to distinguish between jets from the ME and the
PS [96,97]. An uncertainty in the resummation
scale (QSF) is estimated by varying the scale used for
the resummation of soft gluon emission by a factor of
two [135].

Uncertainties are derived for the modeling corrections
applied to the Z + jets and #7 backgrounds, described in
Sec. VII A. The uncertainties in the parameters of the
functions used to improve the modeling in simulation are
propagated to the final result of the analysis.

In the case of the QCD multijet background, described in
Sec. VII B, several sources of uncertainties are considered,
including the full statistical and systematic uncertainties
associated with the contributions from other background
sources and the differences between the estimate obtained
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with the validation region compared with the SR. Even
though the uncertainty in this background component is
around 100%, this background is not a significant con-
tributor in the SRs and has a negligible impact on the
result.

IX. STATISTICAL TREATMENT

Event yields in each of the control and signal regions are
combined to test for the presence of a signal. The statistical
analysis is based on a binned likelihood function L(y, 0)
constructed as a product of Poisson probability terms over
all BDT bins in the signal region and every control region
considered. This function depends on the signal-strength
parameter y, a multiplicative factor to the theoretical signal
production cross section for ZH production times the
branching fraction of the Higgs boson to the final state
considered in each model B(H — 2a — 4b), B(H —
aya, — 4b), or B(H - aja, - 6b) and 6, a set of
nuisance parameters (NP) that encode the effect of sys-
tematic uncertainties in the signal and background expect-
ations and that are implemented in the likelihood function
as Gaussian distribution constraint terms. Therefore, the
total expected number of events in a given bin depends on y
and 6. The NPs 6 allow variations of the expectations for
signal and background according to the corresponding
systematic uncertainties. Their fitted values correspond
to the deviations from the nominal expectations that
globally provide the best fit to the data. This procedure
reduces the impact of systematic uncertainties in the search
sensitivity by taking advantage of the highly populated
background-dominated channels included in the likelihood
fit. It requires a good understanding of the systematic
effects affecting the shapes of the discriminant distribu-
tions, for which detailed validation studies of the fitting
procedure are performed using the simulation. Statistical
uncertainties in each bin of the discriminant distributions
are also taken into account by dedicated parameters in
the fit.

Systematic uncertainties are pruned away and smoothed
to reduce the time for fitting, make the minimization more
stable, and deal with unphysical effects due to statistical
fluctuations in the uncertainties. The shape and the nor-
malization of systematic uncertainties are pruned separately
per region and sample. The pruning algorithm removes
systematic uncertainties that have an impact on the nor-
malization below one percent and that cause a negligibly
small impact on the shape of the final discriminant (all bins
are within one percent of the nominal shape). Smoothing is
applied to the systematic variations to mitigate the effects of
statistical fluctuations.

The test statistic g,, is defined as the profile likelihood

ratio, g, = —21In(L(u. 9”)/6(,&, 0)), where i and 0 are the
values of the parameters that maximize the likelihood

function (with the constraint 0 < ji < y), and 9” are the

values of the NP that conditionally maximize the likelihood
function for a given value of u. The test statistic g, is
implemented in the RooStats package [136] and is used to
measure the compatibility of the observed data with the
signal plus background hypothesis (i.e., the exclusion test).
The primary statistical analysis package used is TRExFitter
[137], which makes use of the RooFit [ 138] and RooStats [ 136]
packages. The p-value representing the compatibility of the
data with the background-only hypothesis is estimated by
integrating the distribution of ¢, from signal plus back-
ground pseudoexperiments approximated using the defi-
nition and asymptotic formulas given in Ref. [139], above
the observed value. The observed p-value is checked for
each explored signal scenario. In the absence of any
significant excess above the background expectation, upper
limits on the signal production cross section for each signal
scenario are derived using g, in the CLs method [139]. For
a given signal hypothesis, values of the branching fractions
of exotic Higgs boson decays times the ratio of the
production cross section over the SM prediction (para-
metrized by p) yielding CLs < 0.05, where CLs is com-
puted using the asymptotic approximation, are excluded
at 95% CL. The limits computed with the asymptotic
approximation are compared with calculations based on
pseudoexperiments for several representative cases and
found to have relative differences below 10%.

Statistical uncertainties in each region are taken into
account by dedicated NPs with Poisson constraint terms.
For the Z 4 jets background, the Z+ > 1b and > 1B
components are normalized by one common unconstrained
NP that is instead mainly determined using the dedicated
Z + jets CRs. Extensive studies on the possibility of using
separate parameters for additional Z + HF categories, e.g.,
separate parameters for Z+4 > 1b and Z+ > 1B, were
carried out. However, due to the lack of CRs with enough
purity in additional Z + HF categories, the fit does not have
the ability to constrain them separately. The uncertainty in
the relative fraction of each Z 4+ HF background compo-
nent is accounted for by modeling uncertainties instead.
The common Z + jets background normalization parameter
is fitted in the range of 1.04—1.18 with a typical uncertainty
of about 25%. For the 7 + jets background, the overall #7
normalization, and the fractions of the 77+ > 1b and ¢+ >
1B components are normalized by three distinct uncon-
strained NPs. They are mainly determined in the dedicated
1 CRs that are split by the reconstructed b-object multi-
plicity. The overall {7 normalization parameter is in the
range of 0.96-1.03 depending on the mass hypothesis with
a typical uncertainty of 20%, while the 17+ > 1b and 17+ >
1 B normalization parameters are in the range of 0.87-1.17
and 1.08-1.39, with typical uncertainties of approximately
65% and 80%, respectively. In the 07 channel, since the
description of backgrounds coming from lost-leptons is
modeled with different methods (see Sec. VIIB), an
independent normalization parameter is introduced with
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TABLE IX. Summary of de-correlated systematic uncertainties used to combine the 07 and 2¢ channels.

Systematic uncertainties

Channels affected

Motivation for de-correlation

QCD multijet uncertainty
ERiss trigger scale factor
High-pt DeXTer flavor tagging
W + jets modeling

Single top modeling

Low-pr DLIr flavor tagging
Low-pt JVT
TC-LVT flavor tagging

W /Z + HF modeling
1t background modeling

07

Both

Only impacts 07 channel

Only impacts 2¢ channel

2¢

Different kinematic phase-space

a fitted value in the range of 1.25-1.28 and a typical
uncertainty of 16%.

A. Combination of 07 and 27 channels

The analyses targeting the 0 and 26H — 2a — 4b
channels are combined in the final result. The combination
of the two channels is made easier by the fact that both
analyses use the same modeling of background samples
and the same systematic uncertainty model. The SRs of the
07 and 27 channels are orthogonal thanks to the lepton
vetoes of these regions and the strictly looser lepton
definition (pp > 7 GeV compared with pp > 10 GeV)
of the 07 channel compared with the 27 channel. The
2¢ CRs of the 07 and 27 channels overlap, so when the
combination is performed the Z + jets normalization

parameter in the 07 channel is constrained by the CRs
of the 27 channel. Most common systematic uncertainties
are correlated between the two channels. Table IX shows
the few de-correlated systematic uncertainties along with
the rationale for their treatment.

X. RESULTS

The validation of the background modeling is performed
in several different signal-depleted regions. In the 27
channel, the validation is performed after the quadruplet-
selection NN using signal-depleted regions corresponding
to low BDT discriminator score values. Good agreement is
observed as function of several key kinematic variables
such as the reconstructed a-boson and Higgs boson masses,
as shown in Fig. 6. Further validation is performed using
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FIG. 10. Observed yields for the signal and control regions in the 0¢ channel after the background-only fit to data. The signal for the
m, = 12 GeV and 25 GeV mass hypotheses are overlaid (dashed line) assuming a branching fraction B(H — 2a — 4b) = 1 and the
SM rate of production of Higgs bosons. The lower panels show the ratio of the observed to the estimated SM background. The hashed
area represents the total uncertainty of the background. The category labeled “Other” includes processes with small contributions to the

total yield (diboson, t7Z, and tW).
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FIG. 11. Observed yields for the signal and control regions in the 2¢ channel for the (a) m, = 12 GeV mass hypothesis and the
(b) m, = 25 GeV mass hypothesis after the background-only fit to data. The signal is overlaid (dashed line) assuming a branching
fraction B(H — 2a — 4b) = 1| and the SM rate of production of Higgs bosons. The lower panels show the ratio of the observed to the
estimated SM background. The hashed area represents the total uncertainty of the background. The category labeled “Other” includes
processes with small contributions to the total yield (diboson, ¢7Z, and tW).
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FIG. 12. Observed yields for the signal regions in the 2¢ channel for the m, = 25 GeV mass hypothesis after the background-only fit
to data in the (a) 2B, (b) 1B2b, (c) 1B1blv, (d) 4b, and (e) 3b1v regions. The signal is overlaid (dashed line) assuming a branching
fraction B(H — 2a — 4b) = 1 and the SM rate of production of Higgs bosons. The lower panels show the ratio of the observed to the
estimated SM background. The hashed area represents the total uncertainty of the background. The category labeled “Other” includes
processes with small contributions to the total yield (diboson, #7Z, and tW).
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Observed yields for the signal and control regions in the 2¢ channel after the background-only fit to data for signals with

two new particles for the case (a) (m,,,m,,) = (20,30) GeV, which gives rise to a signal with 4b in the final state, and
(b) (mg,,m,,) = (30,80) GeV, which gives rise to a signal with 6b in the final state. The signal is overlaid (dashed line) assuming
abranching fraction B(H — a;a, — 4b/6b) = 1 and the SM rate of production of Higgs bosons. The lower panels show the ratio of the
observed to the estimated SM background. The hashed area represents the total uncertainty of the background. The category labeled
“Other” includes processes with small contributions to the total yield (diboson, f7Z, and fW).

events with different-flavor lepton pairs or same-flavor
lepton pairs away from the Z boson mass, which are
dominated by processes including top quarks. As described
in Sec. V (Tables II and IV-VI), these regions are split by
the number of B-jets and b-jets to validate the production of
heavy-flavor in background processes. Good agreement is
observed in all regions, as shown in Figs. 10 and 11.

Figure 12 shows the distributions of the multivariate
discriminant for the different object categories for the 2¢
channel. The signal mass hypothesis m, = 25 GeV has the
largest difference between the data and the background
prediction in the tightest BDT bins among all masses tested
in the H — 2a — 4b model. The background-rich bins are
consistent between the data and the background prediction.
Figure 13 shows the yields for the signal and control
regions for the searches for the H — aja, - 4b and H —
aja, = 3a; — 6b processes. Upper limits on the branch-
ing fraction B(H — 2a/a,a, — 4b/6b) times the ratio of
the ZH production cross section to the SM prediction
6(ZH)/os\(ZH) are determined at 95% CL using the CLs
technique [139-141] and the g, test statistic described in
Sec. IX. The SM Higgs boson production cross section
used is ogv(ZH) = 0.88 pb [142].

Table X shows the impact of dominant sources of
systematic uncertainties in the observed upper limit for
different signal mass hypotheses. The impact is estimated
by the difference between the expected upper limit when
only a group of uncertainties is considered and the case
where no systematic uncertainty is considered. The B-jet
identification efficiency uncertainty is an important source
of systematic uncertainty at low value of masses due to the
difficulty in measuring the identification efficiency of

merged B-jets with low mass and low pp. Modeling
uncertainties are also important due to the challenges of
modeling associated heavy flavor (defined as b-quarks,
unless explicitly mentioned) production of Z + jets and 7.
Figure 14 compares the observed upper limits with the
expected limits assuming the median value of g, under the
background-only hypothesis for the H — 2a — 4b proc-
ess. The 07 and 27 channels are combined in the mass
range of 12 GeV < m, < 30 GeV. This is the first time the
07 channel is explored and provides an approximately 15%
improvement on the limit at the 12 and 16 GeV mass
points, which is the region targeted by the channel.
Figure 15 shows the corresponding upper limits for the
H — aja, — 4b and 6b cases. The values of m, used for
signal simulation and for hypothesis testing were chosen so
that the difference between neighboring points is much
smaller than the mass resolution of the reconstructed
a-boson and Higgs boson, which varies between about
10 GeV and 50 GeV depending on the value of m, and the
type of b-objects used in the selected quadruplet.
Interpolation tests are performed by calculating expected
limits using Asimov samples [139] with different values
of generated m, than the one being tested. Due to the
limited mass resolution, only three points are used when
testing models with two different a-bosons for the
H — aj;a, — 4b case. The phase-space region satisfying
My, +mg, < my,my >mg,andm, ,m, >12 GeVisa
narrow wedge that is fully probed by the three mass points
used. Four points are similarly chosen to test models with
two different a-bosons for the H — a,a, — 6b case.
The limits in the low-mass regime (m, < 20 GeV),
where the bb system is collimated into a single object,
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TABLE X. The upper limit on 6(ZH)/os(ZH) x B(H — 2a — 4b) is determined for the cases without systematic uncertainties
(stat-only), when all uncertainties are applied (observed) and when only a group of systematic uncertainties is applied. The larger the
difference between the limit obtained for a group of uncertainties and the stat-only limit, the more important the uncertainty group is for
the final result. The entries with “-” change by less than 1% relative to the stat-only limit. Impacts are shown for the m, = 12 GeV and
25 GeV mass points for the 07 channel, the 2¢ channel, and the combination of the 0 and 2# channels. The grouping “Tracks” includes
large-R track-jets. The trigger uncertainties are included in the groupings of corresponding objects.

Upper limit on 6(ZH)/os(ZH) x B(H — 2a — 4b)

m, = 12 GeV m, =25 GeV
Uncertainty source 07 20 0¢ & 2¢ 07 20 07 & 2¢
Stat-only limit 0.060 0.029 0.025 0.35 0.19 0.19
Observed limit 0.12 0.039 0.034 0.89 0.21 0.21
MC statistics 0.065 0.030 0.026 0.37 e 0.19
Systematics 0.12 0.038 0.033 0.88 0.21 0.21
Experimental 0.076 0.032 0.028 0.51 0.20 0.20
Luminosity and pile-up 0.062 e e 0.36 e e
DLIr tagging e e e 0.35 0.20 0.20
DeXTer tagging 0.067 0.030 0.026 0.39 e e
Electrons e
Muons
Jets 0.063 0.029 0.025 0.39
ER'ss 0.063 ‘e 0.025 0.37 e e
Tracks 0.066 0.029 0.026 0.42 e 0.20
Soft-v
Modeling 0.088 0.034 0.030 0.60 0.20 0.20
Top (ff and single top) 0.065 e 0.025 0.41 e 0.20
W/Z + jets 0.071 0.033 0.029 0.45 0.19 0.20
Signal 0.066 0.029 0.026 0.37 0.20 0.20
QCD 0.063 e 0.35 e
3 amas g st B
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FIG. 14. The observed (solid) 95% CL upper limits on 6(ZH)/osu(ZH) x B(H — 2a — 4b) as a function of m, and the expected
(dashed) limits under the background-only hypothesis showing the 0 and 27 separately and their combination. The vertical dashed line
at 30 GeV indicates the transition point and for higher masses only the 2¢# channel is used. For the combined result, the inner and outer
shaded bands show the +1¢ and 420 uncertainties of the expected limits. The mass hypothesis m,, is probed between 12 and 60 GeV.
The previous results from the ATLAS Collaboration using a partial Run 2 data sample focusing on the resolved [26] and merged [33]
regimes are also shown.
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(b) 6(ZH)/osm(ZH) x B(H — aya, — 6b) for different signal mass hypotheses (m,,,m,,). The inner and outer shaded bands

show the +10 and £2¢ uncertainties of the expected limits.

are mostly driven by the 2B category, while limits in the
high-mass regime (m, > 30 GeV) are mostly driven by the
4b category. The largest deviations correspond to the H —
2a/aya, — 4b case in the 2¢ channel, with a local (global)
significance of 2.83 (2.04) for m, =25 GeV and 3.28
(2.57) for (m,,,m,,) = (50,70) GeV. The global p-value
is computed using the formula from Ref. [143], where a
reference p-value of 0.5 is used to count the crossings
across all tested values of the mass of the new scalar m,,.
The value is then extrapolated to the observed local
p-value. For models with different m,, and m,,, the method
is extended using the Euler characteristic instead of up
crossings, as described in Ref. [144].

This search increases the sensitivity of previous ATLAS
searches for H — 2a — 4b [26,32,33] by a factor of about
5-15 depending on the signal mass hypothesis by including
a larger data sample, and by using novel identification
algorithms for low-mass merged B-jets and including soft
secondary vertices reconstructed outside of jets. These
techniques enhance the sensitivity at low m, and to high
multiplicity final states. The analysis considers the pro-
duction mode pp - ZH(Z — wv) for the first time in a
search for exotic decays of the Higgs boson. In addition,
this is also the first search for exotic decays of the Higgs
boson in the final state H — a;a, — 4b/6b over the mass
range 12 < m, < 60 GeV.

XI. CONCLUSION

This paper presents a search for exotic decays of the
Higgs boson into a pair of scalar particles, H — 2a, where
each a-boson decays into two b-quarks. It also considers
the case of two new a-bosons H — aja, — 4b and
H — aja, - 3a; — 6b. The analysis targets the Higgs
boson produced in association with a Z boson (ZH) and is
performed using the 140 fb~!' of proton—proton collision

data at a center-of-mass energy of 13 TeV recorded by the
ATLAS detector at the LHC between 2015 and 2018. The
search makes use of heavy-flavor-tagging techniques to
target collimated @ — bb decays and soft secondary
vertices reconstructed outside of jets. The analysis catego-
rizes events depending on the number of leptons and the
strategy for identifying heavy-flavor jets: one or two B-jets,
three or four b-jets, and one soft secondary vertex.

The Ilargest deviations correspond to the H —
2a/aya, — 4b case in the 2Z channel, with a local (global)
significance of 2.83 (2.04) for m, = 25 GeV and 3.28
(2.57) for (m,,.m,,) = (50,70) GeV. The global signifi-
cance is estimated independently for each model. As no
significant excess above the SM background expectation is
observed, upper limits at 95% CL are set of 4%—25% on
o6(ZH)/osu(ZH) x B(H — 2a — 4b) for scalar mass val-
ues in the range of 12 GeV < m, < 60 GeV, of 24%-38%
on 6(ZH)/osm(ZH) x B(H — aya, — 4b), and of 10%—
20% on o(ZH)/osu(ZH) x B(H — a,a, — 3a, — 6b)
for masses in the ranges of 15 <m, <50 GeV and
30 < m,, <80 GeV. These results contribute to the broad
program of searches for H — 2a/aa, decays.
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