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1 Introduction

Supersymmetry (SUSY) [1-6] is an extension of the Standard Model (SM) predicting the existence of a
bosonic (fermionic) partner for each fermionic (bosonic) particle of the SM. If R-parity is conserved [7],
the lightest supersymmetric particle (LSP) cannot decay solely into lighter SM particles and consequently
is stable, making it a potential dark matter candidate. The Higgs boson “mass hierarchy problem” could
be resolved by supersymmetry, with the divergent Higgs mass diagrams being cancelled out by their
SUSY counterparts [8—11]. This class of “natural” SUSY models requires the superpartners of the top
and bottom quarks (i.e., the stop 7 and sbottom b), the gluon (i.e., the gluino g), and the bosons of an
extended Higgs sector (i.e., the higgsinos H) to be light [12]. Such particles should be produced abundantly
in proton—proton (pp) collisions at the Large Hadron Collider (LHC). While the ATLAS and CMS
collaborations have set strong limits on the masses of the gluino and the stop particles, the exclusion limits
on the higgsino masses are much less stringent [13—18], motivating searches for higgsinos at the LHC.

This paper presents a search for higgsino pair production inspired by models of general gauge mediation
(GGM) [19-23] or gauge-mediated symmetry breaking (GMSB) [24, 25]. In these models, the lightest
neutralino X (1), a neutral particle resulting from mixing between the SUSY partners of the SM electroweak
bosons, is the next-to-lightest SUSY particle (NLSP), while the LSP is the particle associated with
spontaneous breaking of the global supersymmetry. The X ? in these models is dominated by the higgsino
component and treated as a pure higgsino. In many GMSB models where the SUSY breaking is mediated
at low energy, the LSP is nearly massless. When SUSY is promoted to a local symmetry, the LSP is
absorbed by the superpartner of the graviton, the gravitino G. This allows the higgsino, which is produced
via mass-degenerate pairs of charginos (the charged particles resulting from mixing between the SUSY
partners of the SM electroweak bosons) or neutralinos, to decay into a SM Higgs boson and a nearly
massless gravitino. The H — & + G mode dominates when m g 1s greater than the Higgs mass and when
tan B (the ratio of the vacuum expectation values of the Higgs doublets) is small [26]. This specific scenario
is implemented in this search through the simplified model represented in Figure 1. The G of the resulting
model is effectively massless, with the mass set to 1 MeV for this analysis. The only free parameter in the
model is the mass of the degenerate higgsino states, m .

Figure 1: Diagram of a signal event in the simplified SUSY model targeted by this analysis, where the X (1) neutralino
is treated as a pure higgsino.



In this search, higgsinos are assumed to be produced in pairs, resulting in an experimental signature
including two SM Higgs bosons and missing transverse momentum (E‘Tniss). Due to its high branching
ratio, the & — bb decay channel is an ideal target for this model, resulting in a final state with multiple
b-jets (jets tagged as originating from b-quarks) and E‘T“iss. The search is conducted in two complementary
channels, each specifically targeting the production of either two high-mass or two low-mass higgsinos.
Depending on the mass of the higgsino, the experimental signature can vary significantly, which motivates
the use of different experimental approaches. The high-mass channel is characterized by significant E%‘i“
in the final state, and relies on E7"**-based triggers [27]. Thg low-mass channel employs a combination
of b-jet triggers [28] because of the significantly lower ET"* produced by low-mass higgsinos. For a
higgsino decay branching ratio of 8(H — h + G) = 100%, the high-mass channel becomes the more
sensitive one for my values above about 250 GeV. The low-mass channel is used for results below this
mass point, while the high-mass channel is used for results at all higher m 5z values. This strategy is used
because the channels are not orthogonal and the sensitivity of the high-mass channel decreases rapidly
as my falls below 250 GeV. A similar search using the full Run 2 dataset was performed by the CMS
Collaboration [14]. Compared to the previous ATLAS search using 24.3-36.1 fb~! of Run 2 data [13], the
present ATLAS search includes multiple improvements beyond the use of a larger dataset. These include
a new method for pairing b-jets into Higgs boson candidates, significantly improved jet reconstruction
and b-tagging, optimized b-tagging requirements in the low-mass channel, and improved discrimination
between signal and background in the high-mass channel through the use of multivariate techniques.

This paper is organized as follows. Section 2 describes the ATLAS detector, while Section 3 describes
the data and simulated samples. Section 4 defines the objects and other inputs used in reconstructing
events for the two channels, Section 5 describes the event selection and background estimation, and
Section 6 the systematic uncertainties associated with this search. The results are reported in Section 7,
while model-independent and model-dependent statistical interpretations are presented in Section 8. The
conclusions are given in Section 9.

2 ATLAS detector

The ATLAS experiment [29] at the LHC is a multipurpose particle detector with a forward—backward
symmetric cylindrical geometry and a near 47 coverage in solid angle.! It consists of an inner detector (ID)
surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic and
hadron calorimeters, and a muon spectrometer. The ID covers the pseudorapidity range || < 2.5 and it
consists of silicon pixel, silicon microstrip, and transition radiation tracking detectors. Lead/liquid-argon
(LAr) sampling calorimeters provide electromagnetic (EM) energy measurements with high granularity. A
steel/scintillator-tile hadron calorimeter covers the central pseudorapidity range (|n7| < 1.7). The endcap and
forward regions are instrumented with LAr calorimeters for both the EM and hadronic energy measurements
up to || = 4.9. The muon spectrometer (MS) surrounds the calorimeters and is based on three large
superconducting air-core toroidal magnets with eight coils each. The field integral of the toroids ranges
between 2.0 and 6.0 T m across most of the detector. The MS includes a system of precision chambers for
tracking and fast detectors for triggering. A two-level trigger system is used to select events. The first-level

I 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. Cylindrical coordinates (r, ¢) are used in the transverse plane, ¢ being the azimuthal angle around the z-axis.
The pseudorapidity is defined in terms of the polar angle 6 as 5 = —Intan(6/2). Angular distance is measured in units of

AR = (A2 + (Ag)2.



trigger is implemented in hardware and uses a subset of the detector information to accept events at a rate
below 100 kHz. This is followed by a software-based “high-level” trigger that reduces the accepted event
rate to 1 kHz on average depending on the data-taking conditions. An extensive software suite [30] 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.

3 Data and simulated samples

The data used in this search were collected by the ATLAS detector from pp collisions produced during
Run 2 of the LHC, from 2015 to 2018. During this period, the LHC collided proton bunches at a
center-of-mass energy of y/s = 13 TeV with a bunch-crossing separation of 25 ns. The high-mass channel
uses the complete Run 2 dataset of pp collisions, corresponding to an integrated luminosity of 139 fb—!
after requiring all detector subsystems to be operational and recording good quality data [31]. The data for
this channel were collected with a combination of EITniss triggers. The low-mass channel uses data collected
through a combination of b-jet triggers, enabling it to focus on signal-like events with lower ET"** than in the
high-mass channel, but with a lower integrated luminosity of 126 fb—! due to some temporary operational
issues associated with the b-jet trigger selections. The trigger selections, referred to as “online” selections,
and the selections for fully reconstructed events, referred to as “offline” selections, are presented in Table 1.
The offline thresholds are tighter than the online ones in order to select events with a well-understood
trigger efficiency. Additional offline selections are applied in the low-mass channel to provide independent
event samples for each trigger employed. This approach allows each b-jet trigger to receive an independent
efficiency correction for differences between data and Monte Carlo (MC) simulation.

MC simulations are used to model the signals and the high-mass channel background processes in this
search. The signal samples consist of pair-produced higgsinos as described in Section 1. These include
both H — h+ G and H — Z + G decays in order to test multiple values of the A — & + G branching
ratio. In addition, MC simulations of dijet processes are used to validate the background modeling for
the high-mass channel. Table 2 shows the generator, set of tuned parameters (tune), parton distribution
function (PDF) set, and cross-section normalization order used for each sample. These samples were
passed through a detailed simulation of the ATLAS detector and its response [32] based on GEaNT4 [33].
A faster simulation relying on a parameterization of the calorimeter’s response [34] is used to estimate the
effect of the noninterference theory uncertainties in ¢ and single-top production described in Section 6.2.

The effect of multiple interactions in the same and neighboring bunch crossings (pileup) was modeled by
overlaying each simulated hard-scattering event with inelastic pp events generated with PyTHia 8.186 [35]
using the NNPDF2.3L0 set of PDFs [36] and the A3 tune [37]. The MC events were weighted to reproduce
the distribution of the average number of interactions per bunch crossing observed in the data. In all
samples using the PyTHia parton shower model, the decays of bottom and charm hadrons were performed
by EvTGeN [38]. In the generation of ¢ events, the hgamp parametelr2 is set to 1.5 myqp [39]. In samples
produced with the SHERPA generator, the matrix element calculations were matched and merged with the
SHERPA parton shower based on Catani—Seymour dipole factorization [40, 41] using the MEPS@NLO
prescription [42-45]. The virtual QCD corrections were provided by the OpEnLoops library [46—48]. In
the signal simulations, matrix elements for higgsino pairs were generated with up to two additional partons.

2 The hgamp parameter is a resummation damping factor and one of the parameters that controls the matching of PowHEG matrix
elements to the parton shower and thus effectively regulates the high-pt radiation against which the 7 system recoils.



Table 1: Online and offline selections used for the high- and low-mass channels of the analysis. The second column,
entitled “Year”, refers to the year the data were recorded. The E%liss trigger requirement is listed in terms of
E‘T“iss(p inv.) because the trigger treats muons as being invisible [27]. The offline selections listed for the low-mass
channel are only those required to ensure orthogonality between different trigger selections. The Hr variable
corresponds to the scalar sum of the pr of jets in the event. When a pr selection is listed for multiple jets, it is
applied to each jet. The pr ;i variable is the pr of the leading jet in an event.

Category ‘ Year ‘ Online selections ‘ Offline selections

Low-mass channel

Tjet (pr > 100 GeV), '
-~ 2006 | 5 4 ets (60% b-jet efficiency, pr > 55 GeV) pr.j1 > 150GeV
J 2017 Tjet (pr > 150 GeV), P11 > 350GeV
2018 2 b-jets (70% b-jet efficiency, pt > 55 GeV) pr,j1 > 500 GeV
- 2017 Hr > 300 GeV, pr.j1 < 350GeV, Hr > 850 GeV
T 2018 2 b-jets (50% b-jet efficiency, pr > 55 GeV) pr,;1 < 500GeV, Ht > 700 GeV
2jets (pr > 35 GeV), .
2006 | 5 b iets (60% b-jet efficiency, pr > 35 GeV) pr.ji < 150GeV
. 2 jets (pr > 35GeV), _
202 20171 5 pjets (40% b-jet efficiency, pr > 35Gev) | PTit < 330GeV, Hr < 850 GeV
2 jets (pr > 35 GeV), _
2018 | bjets (60% b-jet efficiency, pr > 35Gev) | Pt < 300GeV. Hr <700GeV
High-mass channel
2015 EM (1 inv.) > 70 GeV
2016 E™S (1 inv.) > 90 GeV
miss T miss
Ex 2017 ET (i inv.) > 100GeV Ex™ > 150GeV
2018 EMS(;inv.) > 110 GeV

Signal cross sections are calculated to next-to-leading order (NLO) in the strong coupling constant, adding
the resummation of soft gluon emission at next-to-leading-logarithm accuracy (NLO+NLL) [49-54].

While simulations are used to estimate the high-mass channel backgrounds, the low-mass channel
background is dominated by multijet processes that are not reliably modeled in simulation. A fully data-
driven technique is used for background estimation in the low-mass channel as described in Section 5.

4 Object reconstruction

Charged-particle tracks are required to have pr > 0.5 GeV. Primary vertex candidates are reconstructed
from at least two charged-particle tracks [85]. To identify the hard-scattering interaction, the event’s
primary vertex is chosen as the vertex with the largest sum of squared track pt (3 p%tmk).

Small-radius jets are reconstructed using the anti-k, algorithm [86] with a radius parameter of R = 0.4,
with particle-flow objects as inputs. These objects are created by the particle-flow algorithm, which
combines calorimeter energy clusters and ID tracks, improving the resolution of the combined energy
measurement by subtracting the energy deposited by well-measured tracks in the calorimeter and using their
pr instead [87]. Jets produced by collisions other than the hard scattering (i.e., pileup jets) are removed by
testing their compatibility with the primary vertex using the Jet Vertex Tagger (JVT) discriminant [88].
Jets with pt < 60GeV and || < 2.4 are required to pass the “Medium” JVT working point. Different



Table 2: List of generators used for the processes considered in this search, with MGS standing for MADGRAPHS.
The underlying-event (UE) tune, the PDF sets for the matrix element (ME) and UE, and the pQCD highest-order
normalization accuracy used for each sample are also shown. Henceforth, the W, tZ, titf, and tfh processes are
grouped into a single 7+X category. The SUSY signals consist of pair-produced higgsinos. The dijet samples are
only used for validation.

Process Generator Tune PDF set Order of
+ fragmentation/hadronization cross section
SUSY signals MG5_aAMC@NLO2.6.1/2.6.2[55] Al14[56] NNPDF2.3r0 [36] NNLOgpprox +NNLL [57-65]
+ PyTH1A 8.230 [66]
Dibosons SHERPA 2.2.1 [40-48, 67] Default  NNPDF3.0nNLoO [68] NLO [43, 69]
WW,WZ,ZZ
W/Z+jets SHERPA 2.2.1 Default NNPDF3.0nNLO NNLO [46-48]
Top pairs: tf PowneG Box v2 [70-73] Al4 NNPDF3.0nLo (ME) NNLO+NNLL [74-80]
+ PyTHI1A 8.230 NNPDF2.3L0 (UE)
Single top Pownec Box v2 Al4 NNPDF3.0nLo (ME) NLO [81] (t/s-channel)
+ PyTHIA 8.230 NNPDF2.3r0 (UE) NLO+NNLL [82, 83] (Wr)
tIW/ttZ MG5_aMC@NLO2.3.3 [55] Al4 NNPDF3.0nLo (ME) NLO [84]
+ PyTHIA 8.210 NNPDEF2.3L0 (UE)
titt MG5_aMC@NLO2.2.2 Al4 NNPDF2.3L0 NLO [55]
+ PyTHIA 8.186
tth PowHEG Box v2 Al4 NNPDF3.0nLo (ME) NLO [84]
+ PyTHIA 8.230 NNPDF2.3r0 (UE)
Dijet PyTHia 8.230 Al4 NNPDF2.3L0 LO

MC-based calibration steps are applied to the reconstructed jets [89], including an area-based correction to
account for energy contributions from pileup interactions, a pt- and n-dependent calibration to match the
generator-level energy scale of the jets, and the “global sequential calibration” (GSC) to minimize energy
calibration differences between quark- and gluon-initiated jets. Finally, an in sifu calibration is applied to
jets in data to match the energy scale in simulation. Sensitivity to signal scenarios where jets are close to
each other due to large higgsino—gravitino mass splittings is enhanced by using large-radius jets produced
by reclustering R = 0.4 jets [90] through another iteration of the anti-k; algorithm with a radius parameter
of R = 0.8. Calibrations are propagated through that iteration. The reclustered jets are trimmed [91] by
removing any small-radius jets whose pr falls below f.,t = 10% of the pt of the large-radius jet. After
this procedure, reclustered jets are required to have pt > 100 GeV and || < 2.0. The high-mass channel
requires R = 0.4 jets to have pr > 25GeV and || < 2.8, while the low-mass channel uses jets with
pr > 40GeV and || < 2.8 because of requirements from its jet-based trigger strategy. The high-mass
channel uses as a discriminant the total mass of the large-radius jets in the event, as explained later in
Section 5.1.1.

Small-radius jets initiated by b-quarks and decaying within the ID acceptance (|n| < 2.5) are identified as
b-tagged jets using the DL1r classifier set to a working point of 77% efficiency for simulated ¢7 events [92].
This classification algorithm uses various types of inputs, including information about the impact parameters



of ID tracks, the presence of displaced secondary vertices, and the reconstructed flight paths of b- and
c-hadrons inside the jet. At the selected working point, the light-jet (charm-jet) rejection factor measured
in ¢ events is approximately 130 (4.9) [92-95]. Correction factors are applied to the simulated samples to
account for differences in the b-tagging efficiencies between data and simulation. For the low-mass channel,
additional correction factors are applied to account for differences in the online b-tagging efficiencies.
Correlations between the trigger correction factors and offline correction factors are taken into account.

Three types of electrons and muons, “loose”, “baseline”, and “signal-quality”, are defined for this analysis.
Electron candidates are built from energy deposits in the EM calorimeter that are matched to ID tracks [96].
Loose electrons are required to pass the LooseLH likelihood identification criteria [97] and to have
pr > 7GeV and |n| < 2.47. Further rejection of fake or nonprompt electrons is achieved by requiring
electron tracks to match the primary vertex through a cut of |zg sin ] < 0.5 mm on the longitudinal impact
parameter zo. Loose electrons with pt > 20 GeV, called “baseline” electrons, are used to calculate the
ErTniSS. To be considered as “signal-quality” objects, candidates are required to survive the overlap removal
procedure defined below, satisfy the MediumLH likelihood identification criteria [97], pass the Loose
isolation requirements, and have pt > 20 GeV and || < 2.47. Signal-quality electrons are also required to
have a transverse impact parameter significance |dy|/o (dp) < 5.

Muon candidates are reconstructed by matching an ID track with an MS track or performing a combined fit
of an ID track with the aligned individual hits found in the MS. After reconstruction, loose muons are
required to have pr > 6 GeV and || < 2.7, and to pass the Medium identification requirement based on
track quality variables [98]. Further rejection of fake or nonprompt muons is achieved by requiring muon
tracks to match the primary vertex through a cut of |zg sin 8] < 0.5 mm on the longitudinal impact parameter
zo . Loose muons with pt > 20 GeV, called “baseline” muons, are used to calculate the E%liss and to correct
the four-momentum of jets to account for semileptonic b-hadron decays. This correction adds the muon
four-momentum to the jet if a muon is found within AR = 0.4 of that jet. Signal-quality muons are the
subset of loose muons that survive the overlap removal procedure defined below, pass the TightTrackOnly
(with variable radius) isolation requirements [98], and have pt > 20GeV and |n| < 2.5. Signal-quality
muons are also required to have a transverse impact parameter significance |dg|/o (dg) < 3.

An overlap removal procedure is applied to resolve reconstruction ambiguities between electrons, muons,
and small-radius jets. First, any baseline electron sharing an ID track with a baseline muon is rejected.
Then, if a jet is found to be within AR = 0.2 of a baseline electron, the jet is removed. If a baseline
electron is found to lie AR < min(0.4,0.04 + 10 GeV/p7) from a remaining jet, where pf. is the transverse
momentum of the electron, the electron is removed. Next, any jet with an associated muon ID track or a
baseline muon within AR = 0.2 of its axis is removed if the jet has less than three tracks. Lastly, the muon
is removed if it lies AR < min(0.4,0.04 + 10 GeV/ p#) from any remaining jet, where p# is the transverse
momentum of the muon.

The missing transverse momentum ﬁ'%“iss, with magnitude E%liss, is built from the negative vector sum of the

transverse momenta of all well-identified and calibrated physics objects in the event, plus an extra “E‘T][liss
soft term” [99] accounting for remaining low-energy charged particles. The Tight working point [99]
is used to reduce pileup effects. The track-based soft term is calculated from ID tracks matched to the
primary vertex but not to any physics object. Baseline identification criteria, which are looser than the
signal-quality criteria described above, are applied to muons and electrons used in these calculations.



5 Event selection and background estimation

Prior to any channel-specific selections, both channels impose data quality requirements to ensure that only
events recorded when the entire ATLAS detector was fully operational are used [31]. These selections
reject events containing corrupted data from the ID and calorimeters, as well as spurious jets caused
by noncollision backgrounds [100, 101]. Events containing signal-quality leptons (electrons or muons)
are discarded to reduce backgrounds due to leptonically decaying W bosons. Events are also discarded
if they contain more than one loose lepton with pt > 8 GeV; a single loose lepton is allowed so as to
avoid rejecting events containing a semileptonic b-hadron decay. The loose-lepton criteria employed also
minimize overlaps with ATLAS analyses using leptonic final states to target the same signal [15, 17].

5.1 High-mass channel

The high-mass channel focuses on detecting final states characterized by high E%‘i“, a minimum of three
b-jets, and no signal-quality leptons. It relies on reconstructing the Higgs bosons resulting from the decay
of higgsinos. To estimate the main backgrounds, MC simulations are used, with adjustments made to
the normalization of ¢7 and Z+jets processes derived from data control samples. A boosted decision tree
(BDT) is employed to distinguish between the signal and background events. A set of higgsino mass points,
referred to as “mass hypotheses”, are considered, and for each of them control regions (CRs), validation
regions (VRs), and up to four distinct signal regions (SRs) are defined by using the BDT score. The mass
hypotheses are given by

myg = {200,250, 300,400, 500, 600, 700, 800, 900, 1000, 1100} GeV.

In addition, the three of these signal regions that have the highest expected sensitivity for the 250 GeV,
500 GeV, and 1000 GeV mass hypotheses, referred to as “discovery signal regions”, are used to search for,
and set limits on, an excess of “beyond the Standard Model” (BSM) events in this phase space in a more
model-independent manner.

5.1.1 Event selection
After the common selections described above and the trigger selections described in Section 3, signal-like
events are required to satisfy the following “standard preselection” requirements:

* between four and seven small-radius jets with pt > 25 GeV are reconstructed in the event, to reduce
backgrounds with a large number of additional jets;

* at least three of these jets are b-tagged according to the requirements described in Section 4, as
expected for the signal topology;

. E%“iss is greater than 150 GeV, for consistency with the production of invisible particles;

* the minimum azimuthal angle between E%‘iss and any of the four leading jets (A(biﬂn) is greater
than 0.4, to reduce backgrounds with spuriously large ET"* resulting from mismeasurement of the
momentum of a jet.



Scaling factors are applied to MC simulations to correct for discrepancies between simulated and data-based
trigger efficiencies. Such corrections are negligible for events with E3™* > 200 GeV and reach a maximum
of about 10% for events with E%"iss =~ 150 GeV and a scalar sum of jet pt below 250 GeV.

A key element of this analysis is the identification of the Higgs bosons originating from the higgsino decays.
This is essential because the masses of the higher- and lower-mass Higgs boson candidates, denoted by
m(hi™) and m(h5™), respectively, are used to discriminate between signal and background. In order to
obtain these values, the jets originating from the Higgs boson candidates must be identified and then paired.
If there are exactly four b-jets in an event, those four are used. If there are more than four b-jets, the four
with the highest pt are used. If only three b-jets are reconstructed, and one of these jets has a mass greater
than 100 GeV, it is considered to be a boosted Higgs boson candidate and no additional jets are considered.
Otherwise, the fourth jet is selected as the untagged small-radius jet that minimizes the value of m(h?M)
that would be obtained from the pairing algorithm discussed in the next paragraph.

The selected jets are paired to create Higgs boson candidates. If only three jets are selected (in the
case where one jet has a mass greater than 100 GeV), the heaviest jet is considered to be a Higgs boson
candidate and the remaining two jets are paired to form the second candidate. Otherwise, the quantity
ARSE (HHM, p8M) = max (AR(RY™), AR(h5M)) is calculated for each of the three possible pairings of
the four jets, where AR(h) is the AR separation of the jets coming from the same Higgs boson candidate.
The pairing that minimizes AR?_ is used, because pairs of jets have a more collimated topology in signal
events than in background events.

In order to maximize the sensitivity to a broad set of higgsino masses, a BDT is used to discriminate
between background and signal events and define the various regions for the high-mass channel. The BDT
was trained, using the XGBoost algorithm [102], on inclusive background and signal datasets, properly
reweighted to account for the different cross sections of the simulated processes. For the classification, the
BDT exploited the following inputs:

¢ the number of jets Njeis and b-jets Np_jes in the event,
* the scalar sum of the transverse momenta associated with small-radius jets in the event, Hr,

¢ the magnitude EITniss of the missing transverse momentum, and the object-based E‘T]fliss significance,
S(EF™) [103],
* the minimum azimuthal angle between E%liss and any of the four highest-pr jets in the event, A¢frﬂn,

¢ the minimum transverse mass of the E%liss and the three leading b-jets in the event,

b-jets _ . miss Ji miss Ji miss Ji
mT,min = mlnis3\/(ET +pTl)2 - (ET x +pxl)2 - (ET y + pyl)z’

* the minimum angular distance between any two b-jets in the event, ARrbnli’n,
» the scalar sum of the masses of the reclustered large-radius jets in the event, M,

* the masses of the reconstructed Higgs boson candidates, m(hIfM) and m(hglM), and the angular
distances between the associated jets, AR(2™) and AR(hS™M).



The BDT was also parameterized with the generator-level higgsino mass mlg;n in order to define signal

regions (SRs) that each target a specific mass hypothesis. The most discriminating variables for low-
higgsino-mass hypotheses are Njets, Np-jets, and m,l;rJ: l‘s, while Emlss S (Em‘“) and mem are the most
discriminating variables for intermediate-to-high-higgsino-mass hypotheses. The optimization of the BDT
hyperparameters was performed through a scan to optimize the discovery significance for the benchmark
signal mgy = 1000 GeV. The selected parameters are 500 trees, a learning rate of 0.5, a maximum of 50

bins, and a maximum tree depth of six.
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Figure 2: General scheme followed in the definition of SRs, VRs, and CRs for each mass hypothesis of the high-mass
channel. The left plot shows the SRs, 7 CRs and VR, and high mb? rjf t; CR and VR. The SRs are constructed with all
the events with BDT output scores in a specific range that maximizes the expected significance in the SR. Up to four
SRs are defined that way. After finding all SRs, the lowest BDT-score threshold of any SR for that specific mass
hypothesis is used as the upper bound for the VRs, and the procedure is repeated separately in regions of low and

high m?> Jelt; to define VRs targeting the 7 background and high m> Jei“ selections, as shown in the figure. Once the

b-jets

VRs are found, the process is repeated to define CRs targeting #7 and high Mmoo events, with a further splitting of the

t CRs in b-jet multiplicity. The right plot shows the Z+jets CR and VR. These are defined using the same procedure
as for the 17 and high m” Jeiq regions, but with no SRs and a different preselection designed to capture Z(— uu)+jets
events. E “““(,u inv.) is used in place of E;“” for the BDT input variables for the right plot to emulate the behavior
of Z(— vv)+jets. The BDT-score thresholds for the CRs are not shown in either plot; this is because they depend on
the mass hypothesis and the type of CR.

The SRs are defined using the BDT output scores of the preselected events. For each mass hypothesis, the
SRs are built with an iterative procedure that begins with the highest BDT scores. The iterative process
determines BDT-score thresholds for the SRs by requiring at least 0.5 background events and maximizing
the statistical significance Z calculated from the BinomialExpZ function of RooStats [104]. For mass
hypotheses that were excluded by the previous ATLAS search using 24.3-36.1 fb~! of Run 2 data [13], the
cross sections for the signals are scaled down to the minimum previously excluded values for the purposes
of this calculation. After an SR is formed, subsequent SRs are created by repeating the procedure on events
with BDT scores below the values used in the previous SR. If this would result in a significance Z of less
than one, no SR is created and no further SRs are made for that mass hypothesis. If more than four SRs are
created for a given mass hypothesis, the SRs with the lowest BDT scores are merged until there are only
four SRs. The SRs are named as SR_i_M, where M corresponds to the signal mass hypothesis of the region
and i is an integer between one and four that labels the SR, with lower values of i corresponding to SRs
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Table 3: Summary of criteria applied to construct the CRs, VRs, and SRs of the high-mass channel. The considered
variables are the statistical significance Z, the number of background events nyg, the ratio of signal events to
background events S/ B, the number of b-jets Np._jeis, and m?lﬁt; The Z+jets preselection is discussed in Section 5.1.2.
Additional selections based on the BDT score are included in the definitions of the CRs, VRs, and SRs, as shown in

Figure 2; these are mass-dependent and are therefore omitted from the table.

. Fixed Requirements Boundary Conditions
Region name - pjets

Preselection T.min Npjers | Z Nbke S/B

SR_i_M Standard - - max. >0.5 -
VR_tt_M Standard < 200 GeV - - >25 <0.2
VR_hmTb_M Standard > 200 GeV - - >25 <0.2
VR_Z_M Z+jets - - - >125 <0.2
CR_tt3b_M Standard <200GeV | =3 - > 100 <0.1
CR_tt4b_M Standard < 200 GeV >4 - > 100 < 0.1
CR_hmTb_M Standard > 200 GeV - - > 100 <0.1
CR_Z_M Z+jets - - - > 100 < 0.1

with higher-BDT-score requirements. Using different SRs for different signal mass hypotheses improves
the sensitivity of the high-mass channel to low higgsino masses by approximately 20% compared to using
the same SRs for all mass hypotheses. The SRs corresponding to different signal mass hypotheses are
not required to be orthogonal. These requirements are shown in Table 3, with a diagram of the SRs in
Figure 2(a). The signal regions SR_1_250, SR_1_500, and SR_1_1000 are additionally used to search for
excesses with minimal model dependence and are called discovery regions when used in this context.

5.1.2 Background estimation strategy

The background estimation in the high-mass channel relies almost entirely on MC simulation with
data-driven normalization corrections. After preselection, the main background is 77, followed by QCD
multijet processes, primarily at low ErTniSS, as well as single top and Z+jets, which contribute at high ETmiSS.
Smaller contributions arise from ##+X and diboson production. Distributions of the data and simulated
backgrounds after preselection are shown in Figure 3. The data and background predictions agree within
10% after taking the statistical uncertainties into account. The normalizations of the dominant ¢f and
Z+jets processes are measured through a combined maximum-likelihood fit which includes the high-mass
channel’s SRs, as well as a dedicated set of control regions (CRs) with separately enhanced purity of each
background component. Three additional parameters are included in the fit to constrain the normalizations
of the single-top backgrounds, which make large but subleading contributions to the SRs, and the t7+>1b
and 17+>1c components of the ¢f background, to improve the modeling in heavy-flavor-dominated regions.
The level of agreement between the adjusted background prediction and the data is checked through
dedicated validation regions (VRs). These are named as CR_PROC_M and VR_PROC_M, where PROC labels
the physical process and M denotes the signal mass hypothesis. The 7 and high—m%::]3 ::1 CRs and VRs
are defined using the same selections as the SRs, except for the BDT score requirements. An additional
requirement of m?ljﬁ :1 < 200 GeV (m?lj:f :1 > 200 GeV) is used to enhance the purity of the ¢7 (high m?rjj lt;)
CRs and VRs. The #f CRs are further split into 3» and 4b CRs to constrain the normalizations of the
tt+>1b and t1+>1c¢ backgrounds separately from the overall ¢ background.

The Z+jets background is estimated using a separate data sample enriched in events containing muons. The
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dominant component of the Z+jets background in the SRs is Z(— vv)+jets. The “Z+jets preselection” has
the same requirements as the standard preselection described above, except for requiring two opposite-sign
muons satisfying |m(uu) — mz| < 20 GeV, where my is the mass of the Z boson, and E%‘iss < 75GeV.
The E" requirement is imposed to suppress the contamination from ¢7 background and increase the
sample’s purity in Z+jets events. In addition to the E{"* requirement, the cut EJ"**(u inv.) > 175 GeV is
applied, where EJ"**(u inv.) is computed with muons treated as invisible particles to emulate a boosted
Z — vv decay. The EX"*(u inv.) requirement also allows events to be selected by the ET"** trigger, which
treats muons as being invisible [27]. Once these events are selected, the same BDT used for the signal
selection is used to create the CRs and VRs of the Z+jets process. All BDT input variables using EITniss are
adjusted to use E{"*(u inv.) instead.

For each signal mass hypothesis, the VR for a given background is defined to contain all events with BDT
scores below the SR values and greater than a threshold value. The threshold BDT scores are selected
such that each VR has at least a specific number of background events, denoted by npg in Table 3, and a
signal contamination less than a threshold value, denoted by S/B in Table 3. The CR is then defined using
BDT scores below the values for the VR, with a minimum BDT score selected such that the CR has at
least a specific number of background events and a signal contamination less than a threshold value, as
indicated in Table 3. The strategy is illustrated graphically in Figure 2. For the Z+jets CRs and VRs, S/B
is estimated to be zero and the signal contamination condition is therefore always satisfied. Due to their
different preselection, the Z+jets VRs are not required to have BDT scores below the SR values.

A data-driven technique is used to estimate the QCD multijet background. This method exploits a template
created by subtracting non-QCD-multijet backgrounds estimated with MC simulations from data in a
kinematic reglme dominated by QCD multijet processes. These events are obtained by replacing the
selection A¢ . Y > 0.4 with Ag % < 0.2. In order to estimate the contribution of this background to the
CRs, VRs, and SRs, the template needs to be evaluated with the discriminating BDT. For this reason, a
fake Ag . % distribution is generated for the events in the template, sampled randomly from the expected

A¢ mjl a dlstrlbutlon observed in dijet MC simulated samples. This template, however, does not correctly

reproduce the correlations between A¢ n{in and other kinematic variables that are used in the BDT training.
Additionally, given the exponentially falling shape of the A¢iﬂn distribution for QCD multijet events,
the template is not expected to accurately describe the normalization of this background in the targeted
kinematic regime. These issues are resolved by applying a neural-network-assisted rewelghtlng to the
template. The neural network (NN) is trained on simulated dijet events to separate A¢ - Y < 0.2 events

from A¢ m]in > 0.4 events, and an event weight based on the per-event NN output score is applled to the
data-driven template to correct the normalization and the correlations between kinematic variables. The
reweighted template is the final estimate for the QCD multijet background. This is validated in kinematic
regimes enriched in QCD multijet events and is found to describe the data well, with up to 10% differences.
A nonclosure uncertainty of 50% is applied to the QCD multijet prediction in the CRs, VRs, and SRs,
found by comparing the performance of the NN-assisted reweighting with the prediction from dijet MC
simulation in the analysis regions.

5.2 Low-mass channel
The low-mass channel focuses on final states characterized by four or more b-jets and the absence of

signal-quality leptons. Two Higgs boson candidates are reconstructed from the b-jets in the event. Signal,
control, and validation regions are defined in the phase space of leading and subleading Higgs masses.
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Figure 3: Comparisons of data and MC simulations for the standard preselection of the high-mass channel. The
backgrounds are normalized to their theory cross sections. The left plot shows the distribution of ET"** while the

right plot shows the distribution of m(hll'lM). The lower panels show the ratios of data to MC simulations. The
uncertainties in the ratios include the statistical uncertainties from both the data and MC simulations.

In the low-mass channel, the primary sources of background are QCD multijet events and ¢7 processes.
To estimate these backgrounds, an “ABCD” method is employed and a model is trained to adjust the
kinematics across control regions with different b-jet multiplicities. The effectiveness of this adjustment is
evaluated in validation regions. Within the signal region, two inclusive regions are defined in order to set
model-independent limits on BSM physics. These regions are called “discovery regions” and are optimized
to target higgsino mass hypotheses of 150 GeV and 300 GeV, respectively.

5.2.1 Event selection

The search in the low-mass channel uses events collected by the b-jet triggers listed in Table 1. Events are
required to pass at least one of these triggers. Different offline kinematic requirements are also applied to
ensure orthogonality between the different trigger selections, allowing correlations between the different
trigger scale factors to be ignored.

Events are required to have at least four b-jets in order to reconstruct the Higgs boson candidates. These
events are referred to as the “4b” sample. In events with more than four b-jets, only the four b-jets with the
highest pr are considered. The four jets are then paired to form Higgs boson candidates. For each possible
pairing, the quantity ARZS (hM, hiM) is calculated, where htM is defined as the Higgs boson candidate
with the higher reconstructed pt and hLM is defined as the one with lower pt. The pairing that yields the

smallest value of ARPY s used.

The largest backgrounds passing these selections are QCD multijet and ¢7 events. The leptonic #f background
is reduced through the signal-quality and loose-lepton vetoes included in the common selections. Events
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are also required to have at most two loose leptons.> In order to reduce the hadronic 7 background,
a discriminant based on the reconstruction of the top quark decay is used. Top quark candidates are
reconstructed using three jets. One of these jets must be from a Higgs boson candidate and is considered to
be the b-jet from the top quark decay. The other two jets are considered to form a W boson candidate.
Since a W boson cannot decay into more than one b-jet, at least one of the W boson candidate jets must not
be associated with a Higgs boson candidate. The quantity

mjj —mw\* (mjjp —m\®
Xwe = H——] + |
O.l-mjj O.I-mjjb
is then calculated for each possible combination of jets, subject to the restrictions described above,
and where m; and m j; are the masses of the reconstructed W boson and top quark candidates, and
mw = 80.4GeV and m; = 172.5 GeV are the nominal masses of the W boson and top quark. The factor of

0.1 approximates the fractional mass resolution for the reconstructed particle candidates. Events are vetoed
if Xw: < 1.8 for any of these combinations.

The low-mass SRs are defined by the requirement X Z,‘f < 1.6, where X ,Slllf is given by

2 2

m(h%M) - 120 GeV
0.1- m(h%M)

m(h%M) - 110GeV
0.1- m(h%M)

2

SR _
Xhh - (

where the denominators are the approximate mass resolutions for the Higgs boson candidates. A separate
SR is created for each of the 2016, 2017, and 2018 data-taking periods to account for differences in the
triggers and the background estimation procedure. The central values of 120 GeV and 110 GeV are offset
from the true Higgs mass because of reconstruction inefficiencies such as from neutrinos produced in
b-hadron semileptonic decays. The SR is the region within the innermost contour in Figure 4.

The SRs are binned in ErTniss and meg, where meg is defined as the ErTniss plus the scalar sum of the pr
values of the jets associated with Higgs boson candidates. A fit is performed over the two-dimensional
distribution of these variables, with lower bin edges given by

EMS = {0,20, 40, 60, 80, 100, 120, 140, 160, 180, 200} GeV
meir = {160, 200, 260, 340, 440, 560, 700, 860} GeV,

where the last bin is inclusive. In addition, two discovery regions are defined in order to obtain limits
in model-independent scenarios. These regions are optimized for the mz = 150 GeV (SR_LM_150) and
mpg = 300 GeV (SR_LM_300) mass points, although they are also sensitive at nearby m g values. The
region definitions are shown in Table 4.

3 This veto uses all loose leptons, while the common loose-lepton veto only uses loose leptons with pt > 8 GeV.
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Table 4: Discovery region definitions for the low-mass channel.

Region | E%liss | Meft
SR_LM_150 | >20GeV | > 560 GeV
SR_LM_300 | > 150GeV | > 340 GeV
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Figure 4: Reconstructed Higgs boson masses in the low-mass channel. The left plot shows the 4b data, while the
right plot shows the 45 MC signal sample for a higgsino mass of 250 GeV. The red, black, and pink (i.e., innermost)
contours correspond to the outer boundaries of the control, validation, and signal regions respectively.

5.2.2 Background estimation strategy

The dominant background in the low-EgliSS regime of the low-mass channel comes from QCD multijet
processes. Because these processes are difficult to model sufficiently well in simulation, a purely data-driven
approach is used to estimate the background from all sources. This estimate makes use of an alternative set
of regions with exactly two b-jets and two or more non-b-tagged jets instead of four or more b-jets. All
other analysis selections are the same as those previously described in Section 5.2.1. These alternative
regions, called the “2b” sample, have more events than provided by the nominal 4b sample while also
having significantly less signal contamination.

The Higgs boson candidates for the 2b sample are reconstructed using the two b-jets plus two jets selected
randomly from the event’s non-b-tagged jets. The additional jets are required to have || < 2.5 to match
the n requirements for b-tagging. The mass values of the reconstructed Higgs bosons are used to create the
VRs and CRs. The VRs are defined for each data-taking period by RYR < 30 GeV and X3R > 1.6, where
RX}} is given by

RYR = \[(m(HM) — 123.6 GeV)? + (m(hEM) — 113.3 GeV)2.
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The CRs are defined by REE < 55GeV and RZ}} > 30GeV, where R%} is given by

The VRs and CRs form ellipses around the SRs with the central values shifted by factors of 1.03 and 1.05,
respectively. These shifts avoid over-representing low (m(hIfM), m(hIZ“M)) values, which have a higher
density of events. The SRs, VRs, and CRs are each defined for both the 25 and 4b samples. The 26 CRs,
4b CRs, and 2b SRs are used to create a background model for the 45 SRs, where the search is performed.
Figure 4 shows the m(h*™) versus m(h5™) distributions for both the 4b data and the 250 GeV signal
simulation with the region definitions overlaid.

The background model is created by normalizing and reweighting the 256 SR to estimate the behavior of the
background in the 4b SR. The normalization factor is determined from the CRs as

4b
Neg

2b°
Ner
where Né}fz (N(Z:Ifz) is the observed number of data events in the 4b (2b) CR. The parameter pcr is measured
separately for the 2016, 2017, and 2018 data-taking periods because of the differences in the triggers used
to record the data.

The 2b regions are reweighted using BDTs [105] to correct for any kinematic differences between the 2b
and 4b regions. The BDTs are trained on data events in the CRs separately for the 2016, 2017, and 2018
data-taking periods. The hyperparameters used in common for each year are the maximum number of
layers (5), the minimum number of events per node (250), the learning rate (0.3), and the sampling fraction
(0.4). The number of trees was set to 50 for 2016, 75 for 2017, and 100 for 2018. A greater number
of trees are used for later years because the data samples are larger. A large set of 51 input variables is
provided, as the BDT training can select which variables to weight most strongly. These include the mass,
energy, pt, 17, and ¢ of each Higgs boson candidate and Higgs boson candidate jet; the mass and pt of
the di-Higgs system; the number of jets; the E%‘iss; Xw: without the light-jet requirement; the number of
track-jets associated with each Higgs boson candidate; and 14 angular variables.

For each tree of the BDT, events are separated into two nodes using the input variable and the cut value
maximizing the y? difference between the nodes. This process repeats at each resulting node until either
the maximum number of layers or minimum number of events per node is reached.

Each of the final nodes (or leaves) is given a weight

4b 2b
w = e/l'IOg(NCR,lear I NCR jeaf) ,

where A is the learning rate and Nélﬁ’leaf (Ngfz,leaf) is the number of events in the leaf for the 4b (2b) CR.
The results are then inputted into a new decision tree. This process iterates until the desired number of trees
is reached. The final weight for each event is the product of the event’s weight in each tree, normalized
such that the number of events in the reweighted 25 CR matches that of the 45 CR. After training on data
events in the CR, the BDT is used to calculate weights for all 2b events. The reweighted 2b SR then forms

the background estimate for the 45 SR.

A bootstrapping procedure is used to increase the stability of the BDT reweighting and estimate its statistical
uncertainty. In addition to the nominal BDT, an ensemble of 100 BDTs were trained for each year. These
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Figure 5: Comparison of the 2b and 4b m.g distributions in the 2017 VR of the low-mass channel. The left plot
shows the meg distribution before BDT reweighting. The right plot illustrates the same distribution, with the 2b
events having the reweighting applied to match the 45 data. The final non-empty bin contains overflow events. The
2b distribution is normalized to the 4b integral to show the shape differences. The blue shading shows the uncertainty
due to the 2b sample size for the left plot and both the reweighting and the 25 sample size for the right plot.

BDTs were trained using the same input events but with random Poisson weights with a mean of 1 to model
the effect of statistical variations on the training data. The background estimate in any region of phase space
is then set to the value obtained from the median of the 100 + 1 variations. Half of the difference between
the 84th percentile and 16th percentile of the 100 + 1 bootstrap variations is taken to be the statistical
uncertainty due to the reweighting. This is combined in quadrature with the Poisson uncertainties from the
2b samples.

Figure 5 shows the meg distribution in the VR for the 2017 dataset before and after the reweighting is
applied. Excellent agreement is observed between the reweighted m.g distributions of the 26 and 4b data.
Good agreement was also found in all cases for other years and input variables.

6 Systematic uncertainties

Systematic uncertainties from various sources are evaluated for this analysis. Uncertainties are divided
into three types: experimental uncertainties, theoretical uncertainties, and uncertainties in the data-driven
background estimate. Experimental uncertainties quantify systematic effects due to the ATLAS detector
and LHC conditions. Theoretical uncertainties account for possible mismodeling in the simulations of
various physical processes. Experimental and theoretical uncertainties apply to the signal models used by
the two channels as well as to the MC background estimates for the high-mass channel. Uncertainties in the
data-driven background estimate are applied to the low-mass channel to account for potential mismodeling
from the normalization factors and the BDTs used to estimate the background.
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6.1 Experimental uncertainties

Systematic uncertainties associated with the jet energy scale and resolution [89], jet mass scale [106],
flavor-tagging efficiencies [93], trigger efficiencies, soft ErTniss terms [107], pileup conditions [108, 109],
and luminosity are included in this analysis. Apart from the 1.7% uncertainty in the combined 2015-2018
integrated luminosity [110], obtained using the LUCID-2 detector [111] for the primary luminosity
measurements, these uncertainties are assessed separately for each signal and background process. For the
high-mass channel, experimental uncertainties are correlated across all of the SRs, VRs, and CRs for the
higgsino mass hypothesis being tested. For the low-mass channel, these uncertainties are only applied to
the 4b SRs as no other regions are used in the fit. For the high-mass channel, the jet energy scale, jet energy
resolution, and jet mass scale uncertainties are estimated using a single enlarged CR, VR, and SR for each
mass point. These three regions are created for each mass point by merging each of the mass point’s CRs,
VRs, and SRs, respectively, and are used to avoid large statistical fluctuations that could cause instabilities
in the fit. For the low-mass channel, the trigger and offline flavor-tagging uncertainties are calculated jointly
in order to properly account for correlations. The jet energy resolution uncertainties for the low-mass
channel are smoothed with a Gaussian kernel to mitigate the effect of statistical fluctuations.

6.2 Theoretical uncertainties

The signal models used by the two channels are also subject to theoretical uncertainties. MC generator-level
samples for a representative set of mass points are used to assess the effect of varying the factorization
and renormalization scales, merging scale, parton shower tuning, and initial- and final-state radiation
parameters. The differences resulting from these variations are applied as the systematic uncertainties. For
the low-mass channel, these differences are smoothed using a Gaussian kernel.

Theoretical uncertainties are also applied to the background samples for the high-mass channel. Uncertainties
quantifying the systematic effects due to possible mismodeling associated with the MC generator and
parton shower models, as well as with the modeling of initial- and final-state radiation, are applied to the
tt and single-top backgrounds. For the tW process, the uncertainty associated with interference with ¢7
production was estimated by comparing the nominal sample with an alternative sample generated using
the diagram subtraction scheme [39, 112]. Uncertainties related to the renormalization, factorization,
resummation, and matching scales are applied to the W+jets and Z+jets backgrounds. Uncertainties of
50% are applied to the 17+ X and diboson backgrounds. Since the t7+X and diboson backgrounds make up
a small fraction of the overall background, these uncertainties have no significant impact on the analysis.

Figure 6 illustrates the total post-fit uncertainties in the high-mass channel’s SRs, as well as the dominant
components in each. Statistical uncertainties dominate. At masses below 1000 GeV, theoretical uncertainties
associated with the generation and parton showering of ¢f events are one of the most important systematic
uncertainty components, due to the dominance of this background process. In contrast, signal regions
with mg > 1000 GeV are more affected by uncertainties in Z+jets processes because of the increasing
importance of the Z — vv background at higher ErTniSS.

6.3 Data-driven background uncertainties

In the low-mass channel, three sources of systematic uncertainty affect the data-driven background estimate.
Their effects are estimated separately for the 2016, 2017, and 2018 data-taking periods.
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Figure 6: Breakdown of the dominant post-fit systematic uncertainties in the SRs of the high-mass channel. Because
of their correlations, the total systematic uncertainty may exceed the quadrature sum of its components. The total
uncertainty shown is the quadrature sum of the statistical and total systematic uncertainties.

A nonclosure uncertainty is assigned to account for imperfections in the reweighting procedure. This is
estimated by evaluating the bin-by-bin differences between the 4b and reweighted 26 samples in the CRs.
A nuisance parameter corresponding to the discrepancy is assigned to each bin where the difference is
greater than the combined statistical uncertainty of the 2b and 4b samples. No nuisance parameters are
assigned to bins where the discrepancy is less than this uncertainty. The nonclosure uncertainties are
treated as uncorrelated in the statistical analysis.

A transfer uncertainty is assigned to the extrapolation of results from the CRs to the SRs. This transfer
uncertainty is divided into a normalization component and a shape component. To estimate the transfer
shape uncertainty, the BDTs were retrained using data from the VRs instead of the CRs. All other aspects of
the training, including the bootstrapping procedure, were unchanged. This creates alternative background
estimates with weights derived closer to the SRs. Each VR-derived estimate is then normalized to the
corresponding nominal (CR-derived) estimate in the SR to separate this uncertainty from the normalization
uncertainty. The difference between the two estimates is calculated for each bin and applied as an uncertainty
if the difference is greater than the combined statistical uncertainty of the estimates. As with the nonclosure
uncertainty, the transfer shape uncertainty is treated as uncorrelated across bins and is not applied to bins
where the difference is less than the combined statistical uncertainty of the estimates.

The third source is the transfer normalization uncertainty, which is computed using two methods. In the first
method, the uncertainty is taken to be the fractional difference between the numbers of SR events predicted
by using the nominal and VR-derived background estimates. In the second method, the uncertainty for
each data-taking period is taken to be the fractional difference between the predicted and observed numbers
of events in the VR. The normalization uncertainty is taken to be the larger of its two estimated values.

A slightly different treatment is used to assign transfer uncertainties to the discovery regions. Since the
discovery regions each consist of a single bin, the transfer normalization and shape uncertainties are



calculated jointly as the difference between the numbers of SR events predicted by using the nominal and
VR-derived background estimates. In addition, the VR nonclosure is calculated as the difference between
the numbers of predicted and observed events in the VR. The transfer uncertainties for the discovery
regions are then taken to be the larger of the calculated transfer and VR nonclosure uncertainties. The
bootstrap and nonclosure uncertainties are assigned in the same way as in the exclusion regions, except that
the nonclosure uncertainty is applied even if it is less than the statistical uncertainty.

The components of the background uncertainty for the low-mass channel are shown in Figure 7. Considering
all sources of systematic uncertainty, the nonclosure, jet energy resolution, and jet flavor composition
uncertainties tend to have the greatest effect, the last being a component of the jet energy scale uncertainty.

A 50% uncertainty is applied to the QCD multijet prediction for the high-mass channel to account for
potential mismodeling from the NN-assisted reweighting.

7 Results

7.1 High-mass channel

The level of agreement between the data and the post-fit background prediction is shown for each VR of
the high-mass channel in Figure 8. All data observations are found to be in agreement with the background
prediction within the analysis uncertainties. The ¢f and Z+jets normalization factors are measured to be
between 0.9 and 1.3 for all mass hypotheses.

The SR observations are shown in Figure 9, together with the post-fit background predictions. No
statistically significant excess is found, and the largest excess is observed in SR_1_1000 with a local
statistical significance of 1.90". The excesses seen in SR_1_900, SR_1_1000 and SR_1_1100 are, however,
similar due to the highly correlated SR definitions. The same three data events are observed in the first two
of these SRs, and one of those events fails the SR_1_1100 selection.

7.2 Low-mass channel

The observations and normalized background predictions are shown for each E‘Tniss and meg bin of the VRs
in Figure 10. The lower panel shows the significance of the differences, using the profile likelihood method
from Ref. [113]. No significant mismodeling is observed.

Figure 11 shows the results for each E?iss and meg bin of the SRs. No significant excess above the Standard
Model prediction is observed. The largest upward fluctuation in the 213 kinematically allowed bins is
observed in the E%“i” > 200GeV, meg > 860 GeV bin for the 2017 data-taking period. This bin has 6
observed events and 1.51 + 0.35 predicted background events, corresponding to a local significance of
2.60. This excess occurs for events with high E?iss, where the high-mass channel has greater sensitivity.
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Figure 7: Background uncertainties as a fraction of background yields for the 2016, 2017, and 2018 SRs. Pre-fit
values are shown. The bootstrap component also includes the Poisson component of the statistical uncertainty of the
2b sample. No uncertainties are shown for bins predicted to have no background events. The total uncertainty shown
is the quadrature sum of the individual uncertainties. All uncertainties are treated as symmetric.

8 Statistical interpretation

Following the Neyman—Pearson lemma, upper limits on higgsino pair-production cross sections are set using
test statistics [114] based on the profile likelihood ratio. The p-values of the statistical tests are obtained by
following the CLg prescription [115] and, unless stated otherwise, using the asymptotic approximation
described in Ref. [114]. Results obtained using the asymptotic approximation were confirmed with
pseudo-experiments. The HistFitter framework [116] is used for the high-mass channel and the pyhf
framework [117, 118] is used for the low-mass channel. Two different types of upper limits are provided

21



2] = T T T T T 1 T T T T T T T T T T T T T T—
QC) ATLAS ¢ data stat. + syst. uncertainty

> 40f — ¥s= 13 TeV, 139 b [ ti+light [ QCD muiltijet —

w [= High-mass channel 1 [ tt+x1c —

— [ W+ets [ Single top _

B X [ Z+jets —

I Diboson -

Data/Bkg

10?

VA_tt_250
VR_Z_250
VA_tt_300
VR_Z_300
VA_tt_400

VR_hmTb_400

VR_hmTb_250

VR_hmTb_300

VR_Z_400

VA_tt_500

VR_Z_500

VR_hmTb_500

VA_tt_600

VR_Z_600

VR_hmTb_600

VA_tt_700
VR_Z_700
VA_tt_800

VR_hmTb_700

VR_hmTb_800

VR_hmTb_1000
VR_Z_1000

VR_Z_900

VR_Z_800
VR_it_900
VR_tt_1000
VR_tt_1100

VR_hmTb_900

VR_hmTb_1100

VR_Z_1100

Figure 8: Post-fit VR yields in the high-mass channel. The upper panel shows the observed number of events, as
well as the post-fit background predictions in each region. The bottom panel shows the ratio of the observed data to
the total background prediction. The shaded areas correspond to the total statistical and systematic uncertainties
obtained after the fit and described in Section 6.

n =T T T 1 \ T T S B B =
S — ATLAS ¢ data stat. + syst. uncertainty —
2 —  ¥s=13TeV, 139 fb" [ fislight [ QCD multijet
w 102 =— High-mass channel B tt+=1b [ tt+=1c —
= [ W+jets [ Single top =
— . X ] Z+jets -
— I Diboson —
10 —
iz =
= i -
77
v
1 7R v
V2
= |
10 - E
% RSO SUTUN SURPRR I SN B SR AU A ¢
LR e Y W
[ [ [ (=] (=] (=] (=] (=] (=] (=] (=] (=] (=] (=] (=] (=] (=] (=] (=] (=] (=] (=] (=] (=] (=] (=]
EEE&&8 888888 88 E8_BERBBRRREEEE & 8
BRI R T TN T R B TR B T T T M B T B M B D
o o o o o o o o o o o o o o o o o o o o o o o o | |

Figure 9: Post-fit SR yields in the high-mass channel. The upper panel shows the observed number of events, as
well as the post-fit background predictions in each region. The bottom panel shows the ratio of the observed data to
the total background prediction. The shaded areas correspond to the total statistical and systematic uncertainties
obtained after the fit and described in Section 6.

22



) smoys [oued

woN0q Y], "BIeP gf 9Y) 0} PAZI[PULIOU ST punoidsoeq oy, ‘sporrad Suryer-eiep {107 PUB ‘L10Z ‘910Z oY) 10] [Puueyd

u31s @
>0z 02> .43

or >

3> 0v

) punoi3yoeq pue ele( ;0] 23]

09>

TOMAI

3>08 08> ,,3>09

1

L

‘K[oAanoadsal ‘MOo[[oA pue uoaI3 Ul UMOUS aIe Spueq O pue

€c

1

d dA 9 yoee 1oy suonoipaid (qg paiy3s

1

L
ssTwt

1

L

07 9yJ, ‘uonoipaid punoigyorq 9y} pue BIBP g PIAIISQO 9} UIIMIAQ SOUIIPIP AUR JO 90URDY)

SSew-Mo[ 9y} Jo urq ¥ pue

Significance Events Significance Events Significance Events
R - - - - - - -

Mg [GeV] s, o - =) < < =8 < Mgt [GeV] o < < my[GeVld, =S
150-200F T TS (- 2f ] LU B T TTIT
260-340[ ™| 260-340[ ] 0| 260-340[ .
340-440[ . &1 340-440[ ] . & {340-440[ ]
240-560 [ T A | ad0-560[ ] A |ad0-560[ .
560 - 700 [ I x| 560-700[ ] I x| 560-700[ ]
700 - 860 [ ] 700 - 860 [

1600500 [ ] 160500 [
200-260 [ S @ :E' ] 5 @ :E| 8 | 200-260[ g @l f'
B & : L] - : Lo A 2 LR

3 - 4 ] —] - 4 ] — -3 - - ) —]

i | 2a0-560[ ] 3 @ b r ] 3 @ > "2 0-560f 3 @ b
560 - 700 [ ] D - 07 [ ] o - O] A |560-700[ » - 0]
700 - 860 [ ] n o . N ] n o . & | 700-860 [ [Z3¢) .

F160 200 h o= 1 r h o= 1 Fis0 200 o= 7
200-260 [ ] Qn N 1 Qo 1 s[5 Qrn 7
260-340 [ 1 2 © [ 1 2 2 I & |2e0-3a0f » ©

1 1 340-440 [ ] E] . r 1 ] 1 m{340-440[ ] ]

7 | 240-560[ ] 5 ® 7 r ] > N 7 i | a40-s60[ > @ 7
560 - 700 [ ] @ o 7 r 1 ® ~ 7 A |560-700f e n
700 - 860 [ 1 = N [ 1 < % O g |700-880[ < &

860 - [ ] S~ 7 N ] S~ 7 860 - [ 5 o 7
160-200 [ ] 2 o N ] 2 - O . reo-200f 2 S
200 - 260 [ ] g o O N ] S O I 8 |200-260[ g o
sl § 8] . A B S

i ] 440 560 ] S ] L 1 S n ¢ | 240-560[ S n
560 - 700 [ ] . N ] 1~ |se0-700[ .
700 - 860 [ ] 3| ] N ] s ] = |700-860[ o] .

860 - [ ] @ . - ] @ . 860 - [ @ .

[ 160-200 [ 1 Q 1 [ 1 Q 1« [160-200[ Q. ]
200-260 [ ] 5 J 2 N ] 5} 1 S |200-260[ 5} ]
260-340[ ] 5 1 & N ] 5 1 A | 260-340[ 5 ]
1 1 340-440[ ] 1 m N 1 I ™4 340-240f .
& | 240-560[ ] . 4 N ] . £ | a40-560[ ]
A | 560-700 ] q » N ] q o~ |se0-700f ]
g | 700-860 [ ] 1 =3 N ] 7 5 |700-860[ ]
= F1e0° %ol ] 1 2 r ] 1 2 redSof ]
8 | 200-260 [ 8 ] 8 | 200-260[
~ | 260-340 [ A 1 ~ | 260-340[
m 4 340-440 [ ] -1 1 340-4400
7| 240-560[ ] . N ] . i | 240-560[ ]
s Ba 3 1 5 |BE & 1|88 E
& | 700~ - 4 - N L 4 - o | 700- L -
2 Frso 00 ] i r ] N .
8 | 200-260[ ] . 8 L ] . 8 | 200-260[ .
~ | 260-340[ ] q =« N ] 1~ |260-340[ ]
m | 340-240 [ ] . N ] 1 m{340-a40[ ]
# | a40-560 [ 1 . B N ] . # | 440-560[ ]
L mal B 1 |88 @ 1 i :
% bt bt ] 1 2 [ ] 1 et 7]
2 F1e0- 2 2 F160-
& | 200-260 [ ] . & [ ] . & | 200-260[ .
~ | 260-340[ 1 q » [ 1 I ~ |260-340[ ]
m | 340-440 [ ] 1 m N ] ] m{340-440[ .
¢ | ad0-560[ ] . E N ] . i | a40-560[ ]
NER N I 1 |88 & 1 . |8 :
g o[ ] - |:|:|:|:|]:|:|:|:|] D ] 8 [ ] - |[|:|:|:|:|:|:|:|:|] D ] 8 50 |:|:|:|:|:|:|:|]:|] D ]
g [ 36075801 ] 1 & ' ] 4 & [885%0r =
3 -260 [ ] F) . 3 L ] 2 o - 8 -2601 » -
~ | 260-340[ ] & 2 3 4 7 N ] & 2 3 4 ~ |2e0-3d0[ 2 3 7
m 4 340-440 [ J o [ad =2 . m L J o [ad 2 . M 4 340-440 [ o~ = ]
| a40-560[ ] S - & 7 H [ ] s < & 7 i | 240-560[ c 2
A | 560-700[ ] ¥ 3 5 7 A L ] ¥ 3 5 I A | 560-700[ 3 S 7
& | 700-860 [ ] 3 7 41 3z N ] 8 7 1 & |700-80[ g8 7z 7
3 - L ] =9 Q 1 S N ] 3 Q 1 S 860 - [ -3 Q -
5 [160-200[ ] A N ] 2 o Oz r1e0-200f 5 o
S | 200-260[ ] 3 5 4 8 N ] 3 S I 8 |200-260[ 2 ¢ 7
x| 260-340[ < o A ] < o ~ | 260-340[ < ©
m | 340- 240 [ 1 ] 3 m { 340-440[ 53
% | a40-560[ B ] B i | 440-560[ B
5 | %00-560F 5 ] 5 | %00-880F
5 L 5 ] 5 L
8 860 - [ ] 1 3 N ] 8 860 - [ ]
m [ 160-200[ ] 1 n N ] m [ 160-200[ .

7 | 200-260[ ] a1 N ] “% | 200-260[ ]
260-340[ ] a1 N ] | 260-340[ ]
340-440 [ ] i N ] x4 340-440[ ]
240-560 [ ] 1 s L ] S | 440-560[ ]
560 - 700 [ 1 ‘ ‘ ‘ 1 3 [ 1 5 | 560-700[ ‘ ‘ ]
700 - 860 [ ] q & [ 1 € | 700-860 [

L ge0- [t [ L ERi - 2 [ ee0 1 T T AT

[reo] 002 <,




ve

‘A[oanoadsar

‘MO[[oA pue U921 Ul UMOYS dIe spukq -0 puk 0] Y], "uonorpaid punoisyoeq ay) pue BIEp g PIAIISqO ) UaamIdq

Se1-e1ep 10z PUB ‘L 10T ‘910T U 10J [uueyd

r1ad Sur

SQOURIQYIP AUe JO 90UBOYIUSIS 9y} smoys [dued wonoq ayJ, ‘Spo

[T 2m31g

1paid (g paySromar) punoi3yoeq pue eiep 1y-aid

1o

7 S g¥ Yoes 10 Suo

L
SssIu

SSew-Mo[ Ay} Jo urq #uw pue

Significance

Mgy [GeV] &y

1
sswd

A>02 0z >

1

3>09 09>,,3>0v Op>

1

a>08 08>

1

3>0b) OVl > 03 > 02} 021> .03 > 00+ 004>,

1

£3>081 081> .03 > 09} 09} >,

3 002>,

L

[reo] 002 <,

[ 160 - 200
200 - 260

o

&)

Events

- —

-
o

o o
% 2
\ \HHH‘ [T

2
HE
[y -&‘L
o »
g 1L 2]
3 @ >
[~ o
o= ]
R
3 ® A
2 o 3
o 7
g 3 1
3 %
- ]
P 7
& ]
2 7
S ]
. ]
-D0
' 7
3 2 o » J
T g y 2 1
o8 52 ]
n 85 2 g
g 2 g 7
g S » I
< =] .
® O
5
5 ®
<
H‘ HHHH‘ HHHH‘ HHHH‘ HHHH&

Significance

Myt [GeV]dy (4]
[ 160 - 200
200 - 260

L

L L L

> 08k 081> 103> 091 094> 03 > OVL 0¥} > 13> 024 024> 153> 004 004> 4,3 > 08

A
N
3
8
m

1

[neo] 002 <

ot

Events
- - -
o o o
2 2 2
\HHWHH&
l—-&‘h
o »
$ L2
3 w b
g—i‘h,
o= 3
58 ]
3 N
2 » 3
o ¢ ]
g 3 7
3 %
- ]
e ]
& ]
= ]
S ]
-M0O -
s o
g BT A
1 + ol
5 2 g 7
2 g 7
ad ]
g 2
® o
g
25
<
\HHLLJ \HHLLJ \HHLLJ [ 11

Significance

Mgy [GeV] &y

N
soud

o> ,u3>02 02>

09> .03 > 07

08> ,,,3>09

3> 001 01 > 403> 02} 02} > 4uu3> 00} 00} > 10i3 > 08

L

L

3

3 002>, 3> 08} 08} >, 3>091 091>

1

[A99)] 002 < ,

[ 160 - 200
200 - 260

o

o

Hw - - -

N®D 052

eeqay ¢
Aurepaoun 1shs+ieIS %

uojfay [eubig [puuBy) SSBW-MO]

Events

—_
o
=

)

-9 9'¥2 9102 ‘AL €L

eleq az palybiomey |:|

SViLvY




Table 5: Results from the high-mass and low-mass channel discovery regions. The columns include, from left to
right: the observed number of events Nops, predicted number of events Npreq, and 95% CL upper limits on the visible
Ccross section ((ea‘)(?gs) and on the number of signal events (Sg]sjs ). The ngp column shows the 95% CL upper limit
on the number of signal events, given the expected number (and +10 excursions of the expectation) of background
events. The last column indicates the discovery p-value (denoted by p(s = 0)) and its corresponding significance in
parentheses. The p-values are capped at 0.5.

Signal channel Nobs Npred (60‘)235 [fb] Sggs ngp p(s=0)
SR_1_250 2 1.8£1.0 0.04 6.2  5.9%;, 0.48(0.05)
SR_1_500 2 0.58 +0.30 0.04 55 4.0%;L  0.18(0.92)
SR_1_1000 3 0.60 0.31 0.05 6.7 4300 0.03(1.9)
SR_LM_150 1790 1860 + 50 0.73 92 12775 0.5 (0.00)
SR_LM_300 97 77.0+5.3 0.31 39 2279 0.03(1.8)

for each channel: model-independent limits and model-dependent limits for the various simulated higgsino
masses 1.

8.1 Model-independent limits

Model-independent limits on the number of beyond-the-SM physics events are set for each discovery SR of
the analysis. The upper limits are obtained by assuming no signal contamination in the analysis CRs, and
assigning to each SR a number of signal events corresponding to the fit’s BSM signal strength u. The
different backgrounds and model-independent signals are then adjusted to determine the 95% confidence
level (CL) upper limits. Results are calculated using 5000 pseudo-experiments for the high-mass discovery
regions SR_1_250, SR_1_500, and SR_1_1000 and 20000 pseudo-experiments for the low-mass discovery
regions SR_LM_150 and SR_LM_300. The upper limits for the discovery regions of the two channels are
summarized in Table 5.

8.2 Model-dependent exclusion limits

Since no significant excess above the SM prediction is observed, 95% CL upper limits are calculated for
the simplified signal models described in Section 1. Each mass point uses the channel with the better
expected limit, with the transition between the low-mass and high-mass channel interpretations occurring
at mg = 250 GeV. Figure 12(a) shows the upper limit on the higgsino pair-production cross section for a
branching ratio of 8(H — h + G) = 100%. Higgsino masses below 940 GeV and, owing to the mass of
the Higgs boson, above 130 GeV are excluded.

The results are also interpreted for the case where B(H — h + G) is allowed to vary, with all other decays
assumed to create Z bosons through H — Z + G. The higgsino pair-production cross section is assumed to
match the theoretical prediction. Limits for this interpretation are shown in Figure 12(b). For the low-mass
channel, the Z decays peak outside of the SRs in the (m(h%M), m(h%M)) plane and would be included in
the data-driven background estimate. The limit on the branching ratio is therefore equal to the square root
of the limit on 0/ Theory Shown in Figure 12(a). For the high-mass channel, both the Higgs boson and the
Z boson decays are included in the signal model, leading to additional sensitivity in the branching ratio
plane and the exclusion of H — h + G branching ratios as low as 14%.
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Figure 12: Exclusion limits in the low-mass and high-mass channels. The low-mass channelis used for m;; < 250 GeV,
while the high-mass channel is used for m;; > 250GeV. The left plot shows the observed (solid) and expected
(dashed) 95% CL upper limits on the higgsino pair-production cross section, assuming a higgsino decay branching
ratio of B(H — h+G) = 100%. The theory cross section and its uncertainty are shown by the solid red line and red
shading. Results from a previous ATLAS search using 24.3-36.1 fb~! of Run 2 data [13] are shown by the solid
(observed) and dashed (expected) blue lines. The bottom panel shows the ratio of the limits to the theory cross
section. The right plot shows the 95% CL observed (solid) and expected (dashed) upper limits on 8 (H —h+ G)
assurmng the theory cross section for higgsino pair production. The higgsinos are assumed to decay as H-h+G
or H — Z + G. For both plots, the phase space above the lines is excluded.

9 Conclusion

A search for pair-produced and mass-degenerate higgsinos decaying to gravitinos and Higgs bosons was
performed using the >3 b-jets + EIT]rliSS final state. The search uses two separate channels optimized for
either low-mass or high-mass higgsinos and exploits the 139 tb~! of v/s = 13 TeV proton—proton collision
data collected by the ATLAS detector during Run 2 of the LHC. This analysis improves upon the previous
ATLAS search in several ways, including using a boosted decision tree to provide enhanced background
rejection for the high-mass channel, reoptimizing the b-tagging efficiency working point and binning
structure for the low-mass channel, implementing a new method for reconstructing Higgs boson candidates,
and using improved jet reconstruction and b-tagging algorithms.

No significant excess above the SM prediction is observed. Higgsinos with masses between 130 GeV
and 940 GeV are excluded at 95% confidence level for the B(H — h + G) = 100% hypothesis. For this
hypothesis, this search is the most sensitive to date across the mass range investigated, and provides the
most stringent constraints in the 130-800 GeV higgsino mass range. Upper limits are set on B(H — h+G),
reaching as low as 14% for a higgsino mass of 400 GeV. Model-independent limits are also set on the
visible cross section for new physics processes.
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