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predominantly decay into pions that are identified as low-momentum charged particles with
large transverse impact parameters due to the long higgsino lifetime (c7 ~ 0(0.1-10 mm)),
and neural networks are used to discriminate between signal and background processes. The
second search targets larger mass splittings in the range of 1-3 GeV, where the higgsinos
are expected to decay promptly into low-momentum leptons, one of which is identified by
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1 Introduction

Supersymmetry (SUSY) [1-6] proposes a symmetry between bosons and fermions, thus
predicting new particles that have identical quantum numbers as their Standard Model (SM)
partners except for their spin. Specifically, SUSY introduces bosonic superpartners of the
SM fermions and fermionic superpartners of the SM bosons. In SUSY models with R-parity
conservation [7], the lightest SUSY particle (LSP) must be stable and, if electrically neutral
and weakly interacting, can be a viable dark matter candidate [8, 9]. In addition, SUSY
can provide a necessary condition gauge coupling unification [10-13] and a solution to the
fine-tuning problem of the Higgs boson mass [14, 15], making it a leading candidate for
physics beyond the SM.



In the minimal supersymmetric extension of the SM (MSSM) [16, 17], the bino, wino,
and higgsino fields are the fermionic partners of the SU(2) x U(1) gauge fields in the SM
and the two complex scalar Higgs doublets, respectively. The bino, wino, and higgsino fields
are collectively referred to as ‘electroweakinos,” which mix to form mass eigenstates known
as neutralinos Xy (i =1,2,3,4) and charginos )chi (j = 1,2) with the subscripts indicating
increasing mass. The masses of the bino, wino, and higgsino fields are parameterised in
terms of My, My, and pu, respectively. For large values of tan 3, representing the ratio
between the vacuum expectation values of the two Higgs doublets, the phenomenology of
the electroweakinos is driven by these three mass parameters.

This paper presents searches targeting SUSY scenarios in which the masses of the
higgsino states are much smaller compared with the masses of the bino and wino states (i.e.
|| < My, My). Such scenarios are motivated by the role of 11 in naturalness arguments [14, 15],
which favour values of |u| near the weak scale [18-21]. In these scenarios, the lightest SUSY
particles are a triplet of higgsino-like states ()2(1), >~<1i, )2(2)) having ‘compressed mass spectra’,
with minimal mass splittings of about 300 MeV due to radiative corrections. Larger mass
splitting values of a few GeV can be generated depending on the values of M7 and M, relative
to p. Throughout this paper, the LSP is assumed to be the lightest neutralino ()Z(l)) and the
higgsino-like mass eigenstates are referred to as ‘higgsinos’ for simplicity.

Various ATLAS and CMS searches were conducted to explore this regime of compressed
mass spectra, primarily with the use of ‘tracks’ that represent the reconstructed trajectories
of charged particles in the inner detector. Highly compressed scenarios with Am()ﬁc, )2(1]) <
300-400 MeV were searched for using the ‘disappearing track’ signature that targets the
long-lived (c¢7 > O(10 mm)) ﬁc In these scenarios, a significant fraction of the produced
X1 particles can traverse several silicon layers of the inner detector before decaying into
an invisible X} and a low-momentum (‘soft’) charged pion (i.e. i - X?ﬂi) that is not
reconstructed, leading to the distinct signature of a charged particle track disappearing
within the inner detector [22-25]. Scenarios with Am(ﬁ:,i?) ~ 300-900 MeV, and thus
shorter ﬁt lifetimes (c7 =~ O(0.1-10 mm)), were searched for using a ‘mildly displaced track’
signature [26], in which the X1~ decay occurs before reaching the tracking detector and instead,
the charged pion is reconstructed as a soft track with a large transverse impact parameter [27],
denoted by dp and defined as the shortest distance between the track and the beam line
in the transverse plane. Scenarios with mass splittings larger than approximately 1.5 GeV,
corresponding to ¢r < O(0.1 mm), were explored by searches targeting low-momentum
prompt lepton' signatures from X5 — Xi7* — Xere- [28—-32]. Despite these efforts, the
strongest constraints on scenarios with Am(fﬁi, X?) ~ 0.9-1.2 GeV are still set by the LEP
experiments [33]. Additionally, ATLAS has performed a scan of the electroweak sector of
the phenomenological MSSM [34, 35] that highlights the continued viability of higgsinos
in this mass regime after accounting for constraints from previous Run-2 searches, flavour
physics observables, precision electroweak measurements, and the observed dark matter
relic density [36].

!The term ‘lepton’ in this paper refers to electrons or muons and does not include neutrinos and 7-leptons
unless otherwise specified.



The searches in this paper use 140 fb~! of proton-proton (pp) collision data at a centre-
of-mass energy /s = 13 TeV, collected by the ATLAS experiment [37] from 2015 to 2018 at
the CERN Large Hadron Collider (LHC). The pair production of higgsinos via electroweak
interactions is assumed, with subsequent decays into a stable >~<(1), the LSP, and SM particles.
Simplified SUSY models [38—40] are used to optimise the searches and interpret the results.

Two searches are designed to identify at least one of the higgsino decay products as a
low-momentum track using machine learning techniques, which are adopted to search a range
of mass splitting scenarios of the higgsinos. The first search targets smaller mass splittings
(Am()ﬁc, 5((1)) ~ 0.3-1 GeV) using event signatures similar to the one employed in ref. [27],
where soft pion tracks with large dy are identified as the long-lived higgsino decay product
candidates. This signature is also relevant for SUSY models where My < My, |u|, such that
the lightest particles are the wino-like )Zf and X} with Am()ﬁc, )2(1)) being on the order of a
few hundred MeV [41]. In contrast to this previous search, the sensitivity is enhanced using
two dedicated neural-network (NN) classifiers: one exploiting the kinematic information of
individual tracks (referred to as the ‘track-level’ NN) and the other exploiting global kinematic
observables of the event (referred to as the ‘event-level’ NN) to provide discrimination between
signal and SM background processes. The second search targets slightly larger mass splittings
(Am(ﬁc, )Z(l)) ~ 1-3 GeV) by using NN-based soft-electron and -muon identification algorithms,
or ‘taggers’, to identify the leptons from the X5 — Z (— €+€_)>~<(1) decays. These advanced
soft-lepton taggers extend the identification of electrons and muons to lower transverse
momenta than what is achievable with the existing ATLAS algorithms, granting the ability
to search for such new physics in this regime of mass splittings.

The paper is structured as follows: Section 2 highlights the analysis strategies of the
two searches in further detail. Section 3 provides a brief overview of the ATLAS detector.
Details of the data and simulated event samples used in the analyses are given in section 4.
The object reconstruction and identification methods are presented in section 5. The event
selection strategies and signal region definitions are outlined in section 6. The background
estimation methods are discussed in section 7, followed by a summary of the systematic
uncertainty in section 8. Finally, the search results and their statistical interpretations are
presented in section 9, followed by the conclusion in section 10.

2 Analysis strategy

Two search strategies are employed in this paper to search for the direct production of
higgsinos that feature small mass splittings between the X! LSP and the slightly heavier
X5 and >21i particles. They are referred to as the ‘displaced track’ and the ‘one-lepton and
one-track (1¢1T)’ searches. In this regime, the transverse momenta (pr) of the SM particles
arising from the X9 and )Z1i decays are well below the ATLAS trigger thresholds. Additionally,
the signal processes are expected to result in two undetected XY particles that are typically
back-to-back in the transverse plane, therefore producing only a small amount of missing
transverse momentum p2 (with magnitude denoted by ER), defined as the negative
vector sum of the transverse momenta of all reconstructed particles in the event. In such
cases, the missing transverse momentum triggers remain inefficient. Both of the searches
therefore target events in which the higgsinos are produced in association with a high-pr jet



from initial-state radiation (ISR), which provides a boost to the higgsinos in the direction
opposite to that of the ISR jet in the transverse plane. While reducing the signal acceptance,
the boost from the ISR jet serves to increase the pr of the two XY particles and align their
directions in the transverse plane, thereby increasing the ErTniSS in the event. The large EIT]rliSS
then allows the EIT]rliSS trigger to be highly efficient and provides important discrimination
between the signal and SM background processes.

In addition to this common selection, each search attempts to reconstruct the soft SM
particles from the X9 and )ﬁt decays to further reduce the large SM backgrounds. In contrast
to previous ATLAS searches for higgsino-like LSPs with compressed mass spectra, the
identification of these soft decay products, and the discrimination between signal and SM
background processes, are performed using several NN classifiers.

The first, ‘displaced track’ search, targets models in which Am(ﬁ:, >~<(1)) ~ 0.3-1 GeV,
where the dominant decay mode of the charged higgsino is expected to be )N(ic — 7Ex} [42]
and the decay length of this particle is O(0.1-10 mm), i.e. well before reaching the ATLAS
tracking detector. The charged pions from these decays can be identified as low-transverse-
momentum tracks, typically having pr < 5 GeV, with moderately large |dy| relative to the
beam line. An example diagram showing >~<1i>~<(1) production in association with an ISR jet
is shown in figure 1(a), where the >~<1i decays into a charged pion and the X! LSP. The
displaced track search leverages two fully connected NNs to discriminate between the signal
and SM background processes. The first network uses event-level information such as the
jet kinematics and missing transverse momentum, while the second network uses tracking
information to identify tracks that are consistent with arising from the decay of a moderately
long-lived )ﬁc, providing additional discriminating power. The output scores of these networks
are used to define the analysis regions, as described in section 6.1. The estimate of the
SM backgrounds, which are largely represented by Z(— vir) + jets and W*(— 7Fv,) + jets
processes, is performed using simulation, with the normalisations of the dominant backgrounds
being constrained in control regions, as described in section 7.1.

The second, ‘11T’ search, is designed to have sensitivity to models with larger mass
splittings where 1 GeV < Am()ﬁc, )2[1)) < 3 GeV, under the assumption that Am(f(g, )NC%)) =
2Am(>ﬁc, 92(1)) Here, the >~(1i and X3 are assumed to decay promptly into off-shell SM gauge
bosons and the Xi LSP: )NC?E — WX} and X3 — Z*X}. The search targets events featuring
two electrons or muons with opposite electric charges from the Z* decay, where one of the
leptons is identified using the standard ATLAS identification algorithms, defined in section 5,
and the other is identified using dedicated soft-electron and soft-muon taggers based on NNs
that are developed for this search. These taggers use charged particle tracks and energy
deposits in the electromagnetic calorimeter to significantly increase the identification efficiency
for electrons and muons with pr € [0.5,5] GeV relative to standard identification methods,
as described in section 5.1. Figure 1(b) shows an example diagram of >~<1i>~<8 production in
association with an ISR jet where the heavier higgsinos decay into an off-shell W/Z boson and
the X! LSP. To further enhance the sensitivity to higgsino production, the search employs a
parameterised NN (pNN) [43] to provide discrimination between the signal and SM background
processes. The parameterisation is performed relative to Am(>"<8, )2(1]), the parameter of the
benchmark scenarios that has a significant impact on the signal event kinematics. The details
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Figure 1. Example diagrams for the targeted signal processes featuring a jet (j) from initial-state
radiation for (a) the displaced track search and (b) the 1/1T search. While only the ey (5(8)2?)
diagram is shown for the displaced track (1¢1T) search, the additional production processes described
in section 4 are considered as well.

of the event selection are given in section 6.2. The dominant SM backgrounds in which the
lepton-tagged track is not a real lepton, dominated by W* + jets processes, are determined
by data-driven methods, while the residual SM backgrounds featuring a real lepton-tagged
track are estimated by using simulation, as described in section 7.2.

3 ATLAS detector

The ATLAS detector [37] 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 calorimeters, and a muon spectrometer incorporating
three large superconducting air-core toroidal magnets.

The inner-detector system is immersed in a 2T axial magnetic field and provides charged-
particle tracking in the range of |n| < 2.5. It consists of a high-granularity silicon pixel
detector, a silicon microstrip detector (SCT), and a transition radiation straw-tube tracker
(TRT), each spanning a sensitive radial distance from the interaction point of 33—150 mm,
299-560 mm, and 563-1066 mm, respectively [44]. The barrel (each endcap) consists of four
(three) pixel layers, four (nine) double-layers of single-sided silicon microstrips, and 73 (160)
layers of TRT straws. The 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 [45, 46]. The smaller radius and the reduced pixel size of IBL results
in improvements of both the transverse and longitudinal impact parameter resolutions. The
dp resolution reaches ~ 0.09 mm for tracks with pr =1 GeV [47]. The SCT usually provides

2ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the
centre of the detector and the z-axis along the beam pipe. The z-axis points from the IP to the centre of
the LHC ring, and the y-axis points upwards. Polar coordinates (r, ¢) are used in the transverse plane, ¢

being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar angle 6 as

E+p.
E—-p-

n = —Intan(6/2) and is equal to the rapidity y = 3 In ( ) in the relativistic limit. Angular distance is

measured in units of AR = /(Ay)? + (A¢)2.



eight measurements, each corresponding to a single side of the double-layered strips, per
track. The TRT enables radially extended track reconstruction up to |n| = 2.0. As electrons
tend to have higher relativistic gamma factors and thus higher probabilities of inducing
transition radiation compared with other particles, the TRT is also capable of providing
electron identification information based on the fraction of hits (typically 30 in total) above
a higher energy-deposit threshold.

The calorimeter system covers the pseudorapidity range |n| < 4.9. Within the region
In| < 3.2, electromagnetic calorimetry is provided by barrel and endcap 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 calorimeters. 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 optimised
for electromagnetic and hadronic energy measurements, respectively. The electromagnetic
calorimeters consist of three main layers and the presampler layer. The hadronic calorimeters
consist of three (four) layers in the barrel (endcap) regions, providing sufficient containment
of hadronic showers.

The muon spectrometer 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 integral of the toroids ranges between 2.0 and 6.0 T m
across most of the detector. Three layers of precision chambers, each consisting of layers of
drift tubes, cover the region |n| < 2.7, complemented by cathode-strip chambers in the forward
region, where the background is highest. The muon trigger system covers the range |n| < 2.4
with resistive-plate chambers in the barrel, and thin-gap chambers in the endcap regions.

The luminosity is measured mainly by the LUCID-2 [48] detector that records Cherenkov
light produced in the quartz windows of photomultipliers located close to the beampipe.

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 [49].
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 1.25 kHz.

A software suite [50] is used in the trigger and data acquisition systems of the experiment,
in detector operations, in data simulation, and in the reconstruction and analysis of real
and simulated data.

4 Data and simulated event samples

The considered data sample amounts to 140 fb~! of \/s = 13 TeV pp collision data recorded
by the ATLAS detector from 2015-2018 with an uncertainty of 0.83% in the integrated
luminosity [51]. The average number of interactions per bunch-crossing in the data sample is
33.7 [52]. The data are selected using missing transverse momentum triggers [53] that use
different trigger thresholds depending on the data-taking periods, resulting in an efficiency of
more than 95% for events with offline-calibrated EXsS greater than 200 GeV. Additionally,
single-electron and single-muon triggers [54, 55] are employed to collect a sample of events



that are used to constrain SM backgrounds involving the production of W* or Z bosons,
as described in section 7.1.

Monte Carlo (MC) simulation samples are produced for the signal and SM background
processes to estimate their event yields and associated systematic uncertainty. The SM
backgrounds in the searches are determined from both the data-driven methods and the MC
simulation, as described in section 7. While the details of the signal and SM background
MC simulation are given below, both of the sets of samples undergo the same procedure to
include the effects of multiple pp interactions in the same and neighbouring bunch crossings
(pile-up). In each case, the simulated hard-scattering events are overlaid with inelastic pp
collision events generated with PyTHIA 8.186 [56] using the NNPDF2.3L0 set of parton
distribution functions (PDF) [57] and the A3 set of tuned parameters [58]. Weights are then
applied to the simulated events to match the pile-up distribution observed in the data and
the detector response is simulated using the ATLAS simulation framework [59] based on
GEANT4 [60]. The full detector simulation is used for the SM background samples, while
the signal samples use either this full detector simulation or the ATLAS fast simulation that
relies on a parameterisation of the calorimeters, as detailed below.

Signal MC samples consisting of direct higgsino production are simulated for the displaced
track and 1/1T searches to optimise the event selections and interpret the results in the
context of the simplified models under study. Since the 1/1T search targets the soft leptons
from the X3 — Z*(— €+£_)>~([1) decays, the 9285(%: and X9X7 production modes are simulated,
while the samples used for the displaced track search also include the 92(1)92% and Xf)h_
processes. In each case, the XIXY and X9X9 production modes are ignored due to their
negligible production cross-sections when the X{ and X9 are higgsino-like states. In the
simplified model considered here, the ﬁc mass is set to be halfway between the neutralino
masses, such that Am(fég, >~<(1)) = 2Am()~<1i, X?) The MC samples are generated at leading-
order (LO) with MADGRAPH5 AMCQNLO 2.9.5 [61] for the displaced track search and
version 2.9.3 for the 1/1T search using the NNPDF2.3LO [57] PDF set and including up
to two additional partons in the matrix element calculation. The simulated events for the
displaced track search and the 1¢1T search are then interfaced with PyTHiA 8.306 [62] and
PyTHIA 8.245 [63], respectively, to model the parton shower, hadronisation, and underlying
event using the A14 set of tuned parameters [64]. Matching between the matrix element and
parton shower jets is performed using the CKKW-L scheme [65] with the matching scale set
to 15 GeV. At least one parton in the final state is required to have a transverse momentum
greater than 50 GeV to enforce the ISR topology targeted by both of the searches. The
decays of b- and c-hadrons are modelled by EVTGEN 1.7.0 [66].

For the signal samples used by the 1/1T search, the branching fractions for the X9 — 72X}
and )ﬁt — WX are set to 100% and the higgsinos are decayed with MADSPIN [67] to
account for spin correlations effects. The leptonic branching fractions of the X5 — Z*f((l),
typically 5% each for X3 — eTe~ X! and X3 — pt X1, are calculated with SUSY-HIT [68]
for different Am (X3, X1) values and incorporated in the signal yield calculation. The higgsino
branching fractions in the samples used by the displaced track search are calculated following
the prescription in ref. [42], which accounts for the mass splitting between the heavier
>~(g/>~<ic and the Xi. For Am(ﬁc,f((l)) = 0.5 GeV, the branching fraction for oo ot s



approximately 80%, with the remaining 20% corresponding to ﬁc — et/ uiy)z(f. In the
simplified model, this corresponds to Am(fcg, >~<(1)) = 1 GeV, for which the dominant branching
fractions are approximately 30% for each of the X9 — 7r0>~<?, X9 — 7r+7r_>~(?, and X3 — viX}
processes. In addition to the branching fractions, the mass splitting between the higgsinos
determines the >~<1jE and X9 lifetimes, where smaller mass splittings result in longer lifetimes
and flight lengths. The higgsino decays for these samples are performed using PYTHIA and the
higgsino lifetimes are determined by the mass splitting according to the prescription in ref. [42].

The higgsino production cross-sections and associated uncertainty are calculated using
RESUMMINO 2.0.1 at NLO+NLL precision [69-77] using an envelope of the CTEQ6.6 [78]
and MSTW2008nl090cl [79] PDF sets. The uncertainty originates primarily from QCD
renormalisation and factorisation scales. Taking an example with m(fég) =102 GeV, m(ﬁ[) =
101 GeV, and m(f(?) = 100 GeV, the cross-section values are 5.3 + 0.2 pb, 3.2 £ 0.1 pb,
5.5+ 0.2 pb and 2.9 + 0.1 pb for 5(85(11, 5(85(?, )2?5(% and X1 X1 production, respectively.
The samples used for the 1/1T search use the full detector simulation, while those used for
the displaced track search use the ATLAS fast simulation as its analysis signature is less
dependent to calorimeter responses.

The SM background processes are simulated using a variety of MC generators, with
table 1 providing a summary of the matrix element and parton shower configurations as well
as the accuracy of the cross-section calculation used for each of the background samples. The
dominant sources of SM backgrounds for both the displaced track and the 1£1T searches arise
from vector boson production with subsequent leptonic decays, in association with at least one
high-pr jet. These processes are simulated using SHERPA 2.2.11 with the NNPDF3.0NNLO
PDF set [80], where the matrix element calculation includes up to two additional partons at
NLO accuracy and up to five additional partons at LO accuracy. The Z*) /y*+jets samples
provide coverage of the dilepton invariant mass down to 10 GeV. Minor backgrounds arise
from the production of diboson pairs (VV = WW, ZZ, W Z), top quarks (tt, single-t in the s,
t, and tW channels), multijets, and v + jets. The diboson samples are modelled with either
SHERPA version 2.2.1 or 2.2.2; depending on the specific process, at NLO accuracy with
the NNPDF3.0NNLO PDF set. The tt, single-t and tW backgrounds are simulated using
POWHEG Box v2 for the matrix element and PyTHIA 8.230 for the parton shower, using the
NNPDF3.0NLO and NNPDF2.3L0 PDF sets, respectively. The diagram removal scheme [81]
is used to account for interference effects between the ¢t and tW processes. Multijet samples
are modelled at LO using PyTHIA 8.230 and the NNPDF2.3L0 PDF set for both the matrix
element and the parton shower. Finally, the v 4 jets processes are modelled using SHERPA
2.2.2 at NLO accuracy with the NNPDF3.0NNLO PDF set. Backgrounds that are simulated
using SHERPA model the decays of b- and c-hadrons internally, while the other samples make
use of EVTGEN 1.6.0 or 1.2.0 [66]. Backgrounds such as triboson production and other rare
processes involving top quarks or Higgs bosons are found to be negligible in the searches.

5 Event reconstruction

The trajectories of charged particles are reconstructed from the inner detector hits as tracks
using clusterisation and combinatorial track finding algorithms [105]. The kinematic variables
of the track such as pp, n and ¢ are defined at the perigee, the point of closest approach of



Physics process Matrix element Parton shower Cross-section Tune PDF (ME) PDF (PS)

V + jets SHERPA 2.2.11 [82] SHERPA 2.2.11 NLO [83-86] Default [87] NNPDF3.0NNLO [80] NNPDF3.0NNLO
Diboson (VV) SHERPA2.2.1,2.2.2 SHERPA 2.2.1,2.2.2 [88, 89] NLO Default NNPDF3.0NNLO NNPDF3.0NNLO
tt POWHEG Box v2 [90-93] PyTHIA 8.230 [63] NNLO+NNLL [94-100] Al4 [64] ~ NNPDF3.0nLo [80] NNPDF2.3L0 [57]
Single-top PowHEG Box v2 [91-93, 101, 102] PyTHIA 8.230 NLO+NNLL [103, 104] Al4 NNPDF3.0NLO NNPDF2.3L0
Multijets PyrHia 8.230 PyTHIA 8.230 LO Al4 NNPDF2.3L0 NNPDF2.3L0

~ + jets SHERPA 2.2.2 SHERPA 2.2.2 NLO Default NNPDF3.0NNLO NNPDF3.0NNLO

Table 1. A summary of the configurations used to generate the MC samples for the SM background
processes. Starting from the second column, the table provides the generators used for the matrix
element (ME), the generators used for the parton shower (PS), the order in ay used to determine the
production cross-section, the tune for the underlying event, the PDF set used for the matrix element
calculation, and the PDF set used for the parton shower. The symbol V is used to denote the W and
Z vector bosons.

the track to the beam line. Tracks with pr down to 500 MeV are reconstructed. All events
are required to have at least one reconstructed pp interaction vertex with a minimum of two
associated tracks. In events with multiple vertices, the primary vertex is defined as the vertex
having the highest 3" p% of associated tracks. A set of basic quality criteria [106] is applied
to reject events with detector noise or non-collision backgrounds.

Leptons, jets, and tracks are ‘preselected’ using loose identification criteria and must
satisfy more restrictive ‘tight’ identification requirements to be selected for the search regions
described in section 6. Preselected leptons and jets are primarily used to resolve ambiguities
between tracks and energy clusters associated with multiple lepton and jet candidates.

Isolation criteria are used in the definition of tight leptons and are based on tracking
information, calorimeter energy clusters, or both. Isolation energies are computed as a ) pr
of nearby activity, excluding the contributions from nearby leptons. Requiring small isolation
energies helps to reduce contributions from semileptonic heavy-flavour hadron decays and
jets misidentified as prompt leptons. The isolation requirements are based on those described
in refs. [107] and [108]. The isolation variable p5*"®X is defined as the 3 pr of all tracks
satisfying AR < X /100 and pp > 1 GeV. For the 1/1T search, this variable is adjusted by
subtracting the pp of the paired lepton or track as described later.

Electrons are required to have pr > 4.5 GeV and |n| < 2.47. Preselected electrons are
further required to satisfy the calorimeter- and tracking-based Loose likelihood identifica-
tion [107] and to have a longitudinal impact parameter zg relative to the primary vertex
satisfying |zpsin @] < 0.5 mm. Tight electrons must satisfy the Medium identification crite-
rion [107], having typical selection efficiency of over 80% for pp > 10 GeV and 70-80% for
pr = 4.5-10 GeV, and be associated with the primary vertex, with the significance of the
transverse impact parameter relative to the beam position satisfying S(doy) = |do|/o(do) < 5,
where o(dp) is the uncertainty in dy. For the displaced track search, tight electrons are further
selected using the Loose_ VarRad isolation working point [107], whereas for the 1¢1T search,
the TightTrackOnly_VarRad isolation working point [107] is required with an adjustment
to subtract the contribution of the signal candidate track. This adjustment is performed to
avoid vetoing signal processes in which the two leptons originating from the X9 are nearby.

Muons are required to satisfy pr > 3 GeV and || < 2.5. Preselected muons are identified
using the Medium criterion [108], having typical selection efficiency of over 90% for pp > 5 GeV



and 50-90% for pr = 3-5 GeV, and are required to satisfy |zgsin 6| < 0.5 mm. Tight muons
must satisfy the promptness requirement of |dy|/o(dp) < 3. For the displaced track search,
tight muons are further selected using the Pflow_Loose isolation working point [108], whereas
for the 1¢1T search, the TightTrackOnly isolation working point [108] is required with an
adjustment to subtract the contribution of the signal candidate track, similar to the electrons.

Jets are reconstructed from particle flow objects [109] using the anti-k; algorithm [110, 111]
with radius parameter R = 0.4. Preselected jets are required to have pr > 20 GeV and
In| < 4.5 after being calibrated according to the procedure in ref. [112]. For suppressing
jets originating from pile-up, jets with pp < 60 GeV and |n| < 2.5 are required to satisfy
the Tight working point of the jet vertex tagger [113], using information from the tracks
associated with the jet. From the sample of preselected jets, tight jets are further selected
when they satisfy || < 2.8, which ensures that the jets are within the acceptance of the
high-granularity endcap calorimeters.

Jets originating from the hadronisation of b-quarks, referred to as b-tagged jets, are
identified from preselected jets within || < 2.5 using the DLIr algorithm [114]. The
pr > 20 GeV requirement is maintained to maximise the rejection of the ¢t background in
analysis regions that veto events containing b-tagged jets. The b-tagging algorithm working
point is chosen so that b-jets from simulated ¢t events are identified with an 85% efficiency,
with corresponding rejection factors of approximately 2.9 and 40 for jets containing c-hadrons
and jets arising from light-flavour quarks and gluons, respectively [115, 116].

To resolve ambiguities between nearby reconstructed leptons and jets, the following
procedures are performed. First, preselected muons that share an inner detector track
with a preselected electron candidate are rejected. Next, non-b-tagged preselected jets
within AR < 0.2 of a preselected electron are discarded. Preselected electrons satisfying
AR < min(0.4,0.04 + 10 GeV /pr(e)) relative to a preselected jet are then removed. Non-b-
tagged preselected jets within AR < 0.2 of a preselected muon are then rejected. Finally,
preselected muons satisfying AR < min(0.4,0.044+10 GeV /pr(n)) with respect to a preselected
jet are removed.

The missing transverse momentum is defined as the negative vector sum of the transverse
momenta of all preselected objects (leptons, jets, and photons [107]) and an additional soft
term that is constructed from all tracks that are not associated with any lepton or jet but
are associated with the primary vertex. In this way, EXsS is adjusted for the best calibration
of leptons and jets, while maintaining pile-up independence in the soft term [117].

Scale factors are applied to the efficiencies of reconstructed electrons [107], muons [108]
and b-tagged jets [118] in the simulated samples to match the reconstruction efficiencies
in data. The scale factors for b-tagged jets account for the differences between data and
simulated samples in the identification efficiencies for jets including b-hadron decays and
for the misidentification rates of jets initiated from charm quarks, light-flavour quarks, or
gluons. In addition, scale factors are used to reweight simulated samples to properly model
the trigger efficiency observed in data.
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5.1 Low-pt lepton-track identification

In the 1/1T search, low-pp lepton-track identification (ID) methods are used to identify
leptons eluding standard identification methods and to gain sensitivity to unexplored low-Am
regions. Tracks with pp > 500 MeV and |n| < 2.5 are preselected using the Tight Primary
working point defined in ref. [119]. In low-p regimes with pr < 5 GeV, tracks are dominated
by hadrons (mostly charged pions) and fake combinatorial tracks. The target of the low-pp
lepton-track 1D is to distinguish lepton-tracks from such background tracks by exploiting
information mainly from detectors situated closer to the interaction point, compared to those
used in standard methods. A low-pr electron-track ID and a low-pr muon-track ID are
developed separately with independent optimisations.

The low-pr electron-track candidate is required to have pr € [0.5,5] GeV and |n| < 2.5.
Tracks are extrapolated to a matching calorimeter energy cluster based on its position
and energy deposit when available, however, the existence of a matched cluster is not
always required. The matching for low-pr electron-tracks is performed assuming a constant
magnetic field in the volume of the inner detector and using the perigee parameters of
the track. A fully connected NN model with two 128-node hidden layers is trained using
single particle MC events to separate low-pr electron-tracks from dominant low-pr hadronic
tracks using silicon tracking information including track pt and track 7, along with optional
TRT and electromagnetic calorimeter energy cluster information. Tracking fit errors, hit
information in the TRT detector, and energy deposits in the inner layers of the electromagnetic
calorimeter show notable differences between electron and hadronic tracks due to the effects
of bremsstrahlung. An identification working point for the 1¢1T search is dynamically defined
by adopting another NN using track pr, track |n|, and the score from the previous network
as inputs. By setting a threshold on the output score of this network, a working point
optimised within the 3D space of the inputs is chosen. The latter network is trained with
signal higgsino and background W*4jets MC events satisfying the event-selection criteria
defined later in section 6.

The low-pr muon-track candidate is required to have pr € [1,5] GeV and |n| < 1.6. A
large fraction of muons with pr below 3 GeV make a full-stop in the calorimeters and do not
reach the muon spectrometer. Thus, the low-pr muon track is identified using information
only from the inner detector and calorimeters. As opposed to the case of electron-tracks,
muon candidate tracks are always required to have a matching calorimeter energy cluster.
A fully connected NN model with six 64-node hidden layers is trained using J/¢ — utpu~
MC events to separate low-pr muon-tracks from dominant low-pp hadronic tracks using
track pr, track n, and energy deposits in each calorimeter layer. Low-pr muons tend to act
as minimum ionising particles and deposit less energy in the calorimeters compared with
low-pt hadrons, allowing their identification without the use of muon detectors. Similarly
to the electron-track case, a working point for the 1/1T search is dynamically defined with
another NN using track pr, track n, and the previous network score, with the training
performed with signal higgsino and background W*+jets MC events that satisfy the 1¢1T
event-selection criteria.

Figure 2 shows the signal and background track efficiencies of the low-pr lepton-track
ID methods as a function of track pr. Both of the ID selections are optimised to maximise
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Figure 2. Simulated true-track efficiency and fake-track rate as a function of track pr for (a) the
low-pr electron-track ID and (b) the low-pr muon-track ID. The scale factors obtained from the
calibration methods are applied with their corresponding uncertainty. The total uncertainty including
the statistical and systematic uncertainties are shown, where the former uncertainty is found to be
negligible. The true track is defined as a track matched to a lepton originating from X5 — X144~
decay in signal events satisfying the event selections defined later in section 6. The fake track is
defined as a track in WW*+jets events that satisfies the same selection, excluding the track associated
with the lepton from the W¥ decay.

the final sensitivity to signal higgsino models. Both of the lepton-track ID methods have
tighter criteria in very low-pr regimes of pr < 1.5 GeV, where contributions from hadronic
and fake tracks become significant. The electron-track ID method has tighter criteria in
terms of efficiency to achieve sufficient background suppression in the target region. For
the low-pr electron-track ID, the signal efficiency ranges in 0.6-70%, while the fake rate is
kept within 0.003-3%. For the low-pt muon-track ID, the signal efficiency ranges in 15-75%,
while the fake rate is kept within 0.3-2%.

The scale factors and their uncertainty for low-pp lepton-tracks are obtained using
individual calibration methods for the electron and muon channels. The low-pr electron-track
ID is calibrated using a ‘tag-and-probe method’ [107] focusing on the distribution of AR
between the low-pr electron-track and the photon in Z — e*e™~ processes, particularly in
events where an electron and the photon take away most of the energy, leaving the other
electron to have a low pr. In such event topologies, real low-pr electrons from Z — ete™ v
tend to be distributed close to the photon and have small AR, whereas fake misidentified
electrons are randomly distributed and have broader AR distributions. This shape difference
in AR between the low-pr electron-track and the photon is used to obtain the identification
efficiency in data. The low-pt muon-track ID is calibrated using a tag-and-probe method
using J/v¢ — ptp~ processes, similar to that used in the calibration of standard muon
identification [108]. The invariant mass distribution of the dimuon system is fitted using
crystal-ball and quadratic functions. In both cases, the scale factors are evaluated by taking
the ratio between the measured efficiency in data and the simulated efficiency in MC. They
are only applied to the signal MC samples and the minor SM backgrounds of the 1/1T search
that are evaluated using MC samples.
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Variable Requirement

Trigger Ell?iss or single-lepton
ERiss [GeV] > 275

Number of jets with pp > 30 GeV 1, 4]

Leading jet pp [GeV] > 250

Leading jet |n| <24

min Ag(piss, j) > 04

Number of preselected leptons (Npre-lep) = 0 (only for SR)
Number of tracks >1

Table 2. Event-level selections applied to all events used for the displaced track search. The
single-lepton trigger is used only for events in control and validation regions. The A¢ variables are
defined to be in the range of [0, 7). The requirement on the number of tracks refers to the tracks
defined in section 5.

6 Event selection

This section describes the event selections for the displaced track and 1/1T searches, each
focusing on different mass splitting regions, and thus relying on distinct strategies exploiting
NN models. For both of the searches, signal regions are defined to isolate the signal processes.
As later described in section 7, control regions are defined to normalise the background
processes and validation regions adjacent to the signal regions are defined to validate the
background estimate.

6.1 Displaced track event selection

The displaced track search targets scenarios where Am(fﬁ, >~<(1)) ~ 0.3-1.0 GeV and the SM
decay products of the moderately long-lived (O(0.1-10 mm)) Xt and X3 particles can be
reconstructed as low-pr tracks with significant dy. Events are selected using an ERSS trigger
and are first required to satisfy the event-level selections listed in table 2. Although the EMiss
trigger is fully efficient above 200 GeV, the reconstructed ERS is required to be larger than
275 GeV to enhance signal sensitivity. For signal events in which the >~<(1)—pair significantly
contributes to the invisible momentum, the high EITniSS requirement indicates a phase space
in which the higgsino system is recoiling against hadronic activity in the form of ISR jets.
Thus, all events are required to have at least one central jet with pp > 250 GeV. Up to four
jets are allowed in the event, each satisfying Ag(p2i, j) > 0.4. For the signal region (SR),
the number of preselected leptons in each event is required to be zero.

To exploit the available information and to maximise the signal sensitivity, a machine
learning based approach using NNs is adopted for further event selection. In particular, two
independent NNs are trained to discriminate between signal and background processes: one
using event-level information and the other using track-level information. Both of the models
are fully connected networks implemented in PyTorch [120] and are optimised using binary
cross-entropy loss. They each adopt an optimised structure of three hidden layers with 50, 30,
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Input variable Description

Emiss Magnitude of the missing transverse momentum
% Leading jet pr
- LT Kinematics of the leading jet
S Leading jet n
E Nfzfg Number of jets with pr > 30 GeV
§ min Azi)(plFiSS, j) Minimum azimuthal angular difference between plf‘“s and all jets in the event
M meg Scalar sum of pr of all jets with pp > 30 GeV and Eﬁi‘i“
Hry Scalar sum of pr of all jets pt > 30 GeV
Track
pr Kinematics of the track
Track n
. Track do Transverse impact parameter
% Track S(do) Significance of transverse impact parameter |do/o(dp)|
9
% Track zpsin@ Longitudinal impact parameter
% Track psenet0 Scalar sum of py of tracks within AR < 0.4 (excluding itself)
S Track p§enet00 Scalar sum of pr of tracks within AR < 1.0 (excluding itself)
Ag(trk, pipiss) Azimuthal angular difference between the track and piiss
Tight Primary Binary to indicate if the track satisfies the Tight Primary track quality working point

Secondary vertex matching Binary to indicate if the track is matched to a secondary vertex

Secondary vertex mass Mass of secondary vertex reconstructed by associated tracks, —1 GeV if unmatched

Table 3. Summary of input variables of (top) event-level NN and (bottom) track-level NN. Events
may not contain more than four jets, following the requirement in table 2.

and 15 nodes, respectively, and rectified linear unit (ReLU) activation. Both of the output
scores range from 0 to 1, with higher scores corresponding to more signal-like events or tracks.
The use of two independent NNs is adopted for its high flexibility in designing and validating
the background estimation method later mentioned in section 7.1.

The lists of input variables for both of the networks are given in table 3. The event-level
NN uses the event topology information based on E¥* and hadronic jets. The inputs that
provide the strongest discrimination power between signal and background processes are
ErTniSS and the effective mass, meg, defined as the scalar sum of pr of all jets with pp > 30 GeV
and ErTniSS. The track-level NN exploits a variety of track information, such as the kinematics,
impact parameters, isolation variables, and angular difference between the track and the
missing transverse momentum. In addition, an inclusive secondary vertexing algorithm [121]
is used to identify tracks with pr > 500 MeV that are consistent with being produced at
vertices that are displaced from the primary vertex. The invariant mass of the reconstructed
secondary vertex, calculated under the assumption that each track is a charged pion, is
used to discriminate between background tracks originating from the decays of long-lived
hadrons (e.g. Kg, A%) and those due to X9 — ntr X1 decays. For reconstructed secondary
vertices with exactly two associated tracks, at least one of the tracks is required to satisfy
|do| > 2.0 mm. The track dy, S(dp), and isolation variables have the highest importance as
they contribute to the separation from low-pt QCD tracks.

The event-level and track-level NNs for the displaced track search are trained using signal
and background MC events satisfying the selection criteria in table 2. The signal samples used
for the training of each NN span values of m()ﬁt) from 85 GeV to 225 GeV and Am(ﬁc, >N<(1J)
from 0.25 GeV to 1.5 GeV. The individual signal samples are weighted according to their
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SR name Event score Track score Additional requirement

SR-DT-1 > 0.712 > 0.788 —

SR-DT-2 > 0.645 > 0.799 ¢ SR-DT-1

SR-DT-3 > 0.645 > 0.716 ¢ (SR-DT-1U SR-DT-2)

SR-DT-4 > 0.582 > 0.705 ¢ (SR-DT-1U SR-DT-2 U SR-DT-3)

Table 4. Definition of the displaced track SRs in the event score vs track score plane. Tighter SRs
such as SR-DT-1 have higher sensitivity, while looser SRs such as SR-DT-4 capture additional signal
with lower purity that did not fall in the SRs with lower index.

production cross-sections during the training. The simulated signal and background events
are split into five batches, of which 60%, 20%, and 20% are allocated to training, validation,
and testing sets, respectively. The training is performed using a five-fold cross-validation
configuration with early stopping to minimise overfitting. A total of approximately 2.0 x 10°
and 1.0 x 10° events are used for signal and background samples, respectively. The training
configurations of the event-level and track-level NNs are summarised in table 15 in appendix A.

Events satisfying the selection criteria in table 2 are assigned an event score by the
event-level NN. A track score is also assigned by calculating the output of the track-level NN
for each track and selecting the track with the highest track-level NN score in the event. As
listed in table 4, a set of four mutually exclusive SRs are then defined in the event score vs
track score 2D plane. No veto on the presence of b-tagged jets is applied in the SRs, as such a
requirement is not found to significantly reduce the SM background or increase the expected
sensitivity. The score requirements that define the four SRs are the result of an optimisation
procedure that maximises the average expected significance among all signal MC samples
that were used to train the NNs. The significance metric used for the optimisation is based on
the profile likelihood method and described in ref. [122]. As a result of the NN training and
score optimisation procedures, the SRs provide good coverage across a range of mass splitting
scenarios, though no individual SR is tuned to provide sensitivity to a specific mass splitting.

6.2 1/41T event selection

All events used for the 1/1T search are selected by an EXSS trigger and are first required to
satisfy the kinematic event selections listed in table 5. The reconstructed EITniss is required
to be larger than 200 GeV, corresponding to the lowest value at which the ErTniSS trigger
is fully efficient and chosen to ensure sufficient data statistics. For signal events satisfying
this high—E%liss requirement, the higgsino system typically recoils against hadronic activity,
namely ISR jets. To explicitly select events with this topology, events are required to have
at least one jet with pp > 100 GeV. Moreover, events with one or more b-tagged jets with
pr > 20 GeV are vetoed to suppress background contributions from ¢t production.

Events are required to have exactly one tight lepton and are further categorised into two
channels depending on the lepton flavour. The tight lepton requirement ensures that there
is no overlap between the 1/1T analysis regions and the SRs of the displaced track search.
The pr of the lepton is required to be below 10 GeV and above the lower bound of lepton
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Variable

Electron channel Muon channel

Trigger EEFiSS
ERiss [GeV] > 200
Number of jets with pt > 20 GeV >1
Leading jet pp [GeV] > 100
Number of b-tagged jets (N,?_?et) =0

Number of tight leptons (Niight-lep) = 1 (electron) =1 (muon)
Lepton pr [GeV] [4.5, 10] (3, 10]
Lepton |zpsin | [mm] <05

Lepton |dy/o(dp)] <5 <3
Number of tracks >1

Table 5. Kinematic event selections applied to all events used for the 1/1T search. The requirement
on the number of tracks refers to the preselected tracks defined in section 5.1.

identification methods, which are 4.5 GeV and 3 GeV for electrons and muons, respectively.
As the decay length of X9 is 0(0.01-0.1 mm) for the targeted region, the leptons emerging
from the X3 — X1¢+(~ decay are expected to be prompt. Thus, requirements on 2y and dg
are also imposed for the lepton. Finally, at least one additional track satisfying the criteria
in section 5.1 other than the reconstructed lepton is required in each event, which correspond
to lepton-track candidates also originating from X9 for signal higgsino events.

After the kinematic event selections are applied, preselection criteria listed in table 6 are
applied to tracks to identify the candidates for the lepton-track. The charge of the track
is required to be the opposite of that of the lepton, as they are expected to originate from
Z* decay. The pr and |n| requirements on the track follow the requirements of the low-pp
lepton-track identification methods described in section 5.1. The tracks are also required to

cone30

be prompt with upper bounds on |zpsiné| and |dg|. The upper bound on pS requires
there to be little activity surrounding the track, where the tight lepton is excluded from
the determination of this variable in order to retain signal efficiency. The invariant mass
m(Z*) reconstructed from the lepton and the candidate lepton-track is required to be smaller
than 5 GeV and outside the range 3.0-3.2 GeV, where the latter requirement vetoes J/v
mass resonances. Contributions from other SM resonances are found to be negligible in the
selected range of m(Z*). As the SUSY system is boosted, the lepton and the lepton-track
have trajectories that are increasingly collinear. Thus, AR(#, trk) in [0.1, 1.4] is required,;
the upper bound is set to 1.4 to veto most background tracks, while the lower bound is
set to 0.1 to veto tracks from photon conversions nearby the lepton. Upper thresholds on
the impact parameter differences between the lepton and the lepton-track are optimised to
further suppress background tracks, as specified in table 6, where the requirements are looser
for the electron channel to accommodate effects from bremsstrahlung.

As the event topology of signal higgsino events depends sensitively on the mass splitting
Am(f((z), )2(1)), the main event selection of the 1¢1T search is performed using a pNN. For very
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Variable Electron channel Muon channel

Track charge Opposite of lepton charge
Track pr [GeV] [0.5, 5] [1,5]
Track |n] <25 <16
Track |z sin | [mm)] <0.5

Track |dp| [mm] <0.5

Track psore3d /py < 0.06

m(Z*) [GeV] < 3or (3.2, 5]
AR(L,trk) [0.1,1.4]

Adp(¢, trk) [mm] <0.25 < 0.10
Azy(¢, trk) [mm] < 0.30 < 0.26

Table 6. Track preselections applied to candidates of low-pr lepton-tracks for the 1¢1T search.

small Am(f(g, X?), the leptons emitted from the X5 — X1z decay have very low pr, and the
two X! tend to become more collimated, leading to higher ErTniss values. In this case, variables
such as AR(£,trk) and A¢(pss, Z*) have very small values. For larger Am(f(g, >~<(1)), the
leptons have higher pr, leading to lower EXisS| larger AR(€,trk), and larger Ag(piss, Z*).
The pNN is introduced to consider these dependencies and to classify signal and background
events in a dynamic manner. By choosing Am(fég, )2(1)) as the physics parameter 6 (referred to
as pNN-0), it is possible to realise Am(ig, X?)—dependent event selection with a single network
model. This also simplifies the training procedure, as the pNN has the ability to smoothly
interpolate between different Am()Z(z), )2(1]) values used for training, thus giving the possibility
to explore various mass splitting scenarios with a limited number of training samples. Regions
of the 11T search for a specific pPNN-6 value are labelled with suffixes of ‘-dM{pNN-6}".

Figure 3 shows the overall structure of the pNN model developed for the event selection
used for both the electron and muon channels. It is implemented with TensorFlow [123], using
the Keras [124] frontend. Based on Am(f((z), 5(?) corresponding to the pNN-6 and 16 kinematic
variables, the algorithm outputs a score characterizing how signal-like a given event is (referred
to as pNN score) ranging from 0 to 1. The 16 kinematic variables are listed in table 7. Besides
pNN-6, input variables such as lepton pr, track pr, EX leading jet pr, m(Z*), AR(£, trk),
H(l,trk)/ERss ) mp (€, piss), A¢(phss, Z*), and Ag¢(j1, Z*) have significant dependence on
Am(f(g,f(?), thus having high importance.> The topology differences between signal and
background events tend to become more significant for smaller Am(f(g, )2(1)) as the lepton,
track, and EX are more likely to be in close proximity in the transverse plane for signal
processes compared with the dominant W*+jets background processes. For improved signal

miss

3H(¢,trk) represents the scalar pr sum of the lepton and the track. mr (£, pE™) represents the
transverse mass reconstructed from the lepton and the missing transverse momentum and is defined as
\/ngrEIlE‘iss{l — Ag(e, pil?iss)}7 where p% is the pr of the lepton, and A¢(€, p2i) is the azimuthal angular

difference between the lepton and the missing transverse momentum.

,17,



16 kinematic Q ®oeo

variables :

_ PNN
" score

Sigmoid
activ.

Q000

ReLU activ. ReLU activ.
(L1,L2)=(1e-3,1e-3) (L1,L2)=(1e-3,1e-3)
Input layer Hidden layer 1 Hidden layer 6  Output layer

a7 (64) (64) M

Figure 3. Overall structure of the pNN model used for event selection. The Am()zg,i(f) and 16
kinematic variables are used as inputs, and there are six hidden layers with 64 nodes each. The nodes
are fully connected. L1 and L2 regularisations are applied to each layer for increased signal sensitivity.
The output pNN score ranges from 0 to 1, with 1 meaning that the input event is signal event-like.

Input variable Description

Am(%9, X)) pNN-6, mass difference between ¥3 and ¥
Lepton pr, i, ¢ Kinematics of the standard lepton

Track pr, n, ¢ Kinematics of the track

Emiss - ¢(piss) Kinematics of the missing transverse momentum

Leading jet pr, ¢ Kinematics of the leading jet

m(Z*) Mass of Z* reconstructed from the lepton and the track

AR(£,trk) Distance between the lepton and the track

H(¢, trk)/ Expiss Ratio of scalar sum of lepton pr and track pr to EMiss

mr (e, p%iss) Transverse mass reconstructed from the lepton and the missing transverse momentum
Ag(pHiss, Z*) Azimuthal angular difference between the missing transverse momentum and Z*
A¢(j1, Z%) Azimuthal angular difference between the leading jet and Z*

Table 7. Summary of input variables of the pNN. The same set of variables is used for the electron
and muon channels.

sensitivity, L1 and L2 regularisations [125] are applied to each hidden layer to suppress the
contributions of background events in high pNN-score regions.

Since the kinematic requirements for leptons and tracks differ for the electron and muon
channels, the training of the pNN is done separately for each channel using the same pNN
model structure. To train the pNN, each of the inputs are standardised into a Gaussian
distribution. Higgsino production and W*+jets MC events are used as signal and background
training samples, respectively. To ensure enough statistics, higgsino production MC events are
used inclusively in terms of mass points and production channels. The pNN is trained with
pNN-0 =1, 1.5, 2, 3, 4, and 5 GeV and the same values are used to obtain six non-orthogonal
search results for each of the lepton flavours. The pNN-8 of background training samples
are assigned randomly so that their distribution matches that of the signal training samples.
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Figure 4. ROC curves of pNN of each pNN-@ for (a) the electron channel and (b) the muon
channel. For each curve, only signal events with Am(f(g, 92(1)) matching the pNN-0 are considered. The
performance is better for smaller Am(fcg, >~((1)) values for both channels. The steps in the curves are
due to the limited statistical precision of the MC samples used.

70% of the simulated signal and background events are used for training and validation of
the network, and the remaining 30% are used for testing. All training samples are required
to satisfy the event and track preselections described in table 5 and table 6. For the electron
channel, about 2.2 x 10* signal events and 6.3 x 10° background events are used for the
training and its validation, where 20% are assigned as validation samples. For the muon
channel, about 5.1 x 10* signal events and 3.8 x 10° background events are used for the
training and its validation, where 20% are assigned as validation samples. The training
configurations of the pNN, common to both electron and muon channels, are summarised
in table 15 in appendix A. Figure 4 shows the performance of the pNN for each pNN-6 as
a receiver operating characteristic (ROC) curve. The separation of signal and background
events is stronger for smaller Am(f(g, 32(1)) values due to the mentioned topology differences.

After the application of the lepton-track preselection in table 6, the pNN score is calculated
for each candidate track. The track with the highest pNN score is then selected for each event
and its score is assigned as the pNN score of the event. Subsequently, selection criteria in
table 8 are applied to select signal-like events with a same-flavour opposite-charge lepton and
lepton-track pair to define the SR. As the pNN and low-pr lepton-track ID are not directly
dependent on one another, the application of the low-p lepton-track ID on top of the pNN
score requirement significantly reduces the background contribution. The first requirement of
high pNN score vetoes background events having non-signal-like event topology. Then by
selecting events having a track with a large value of the low-pr lepton-track ID score, further
significant background suppression is achieved through rejection of hadronic and fake tracks,
which are the main background track components in the targeted regime.
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Variable SR-1elT SR-1ul1T

Ag(piss, Z*) <1.0
PNN score > 0.95
Low-pr lepton-track ID score > 0.8 > 0.6

Table 8. Summary of the selection criteria of the SR.

7 Background estimation

Following the event selection criteria, SM backgrounds for the displaced track and 141T
searches consist of events with a high-pr jet, high ETS and low-pr tracks. This section
presents the background estimate methods for both searches, each exploiting semi-data-driven
methods to estimate contributions from low-pr tracks for such events. The control and
validation regions used in these methods are found to have negligible contributions from
potential signal processes.

For the background estimation and the interpretation of final results, three configurations
of fits to the data are used. The first configuration, referred to as the background-only
fit, does not include any contributions from the signal models and uses only the control
regions to extract the necessary normalisation and reweighting factors. Its results are then
extrapolated to the validation and signal regions to compare the post-fit SM predictions
with the observed data without allowing the observed data in those regions to bias the
fitted background event yields. The second configuration, referred to as the discovery fit,
includes the control regions and one target signal region to derive a p-value representing
the compatibility of the observed data with the background-only hypothesis. The third
configuration uses both the control and signal regions to determine the compatibility of the
observed data with the target signal model. In cases where there is no significant excess in
data, this configuration is often referred to as the exclusion fit.

7.1 Displaced track background estimation

The leading SM background contributions in the SRs for the displaced track search originate
from processes that result in high E2 from neutrinos, such as Z(— viz)+jets and W=*(—
7%v, )+jets. Subleading contributions arise from diboson production and W (— £*v,)+jets.
Studies using the background MC samples show that approximately 40% of the signal
candidate tracks selected by the track-level NN in the SRs arise from pile-up interactions.
These backgrounds are estimated by using a semi-data-driven approach that combines
simulation-based predictions with reweighting corrections derived in control regions (CRs).
Validation regions (VRs) orthogonal to the SRs are used to validate these corrections. Other
processes such as top quark production and multijet processes are found to have negligible
impact in the SRs and are estimated directly from MC simulation.

Each process of the leading and subleading background contributions is normalised by a
corresponding normalisation factor obtained by simultaneously fitting kinematic distributions
in the mutually orthogonal CRs listed in table 9, defined to enhance each of the processes.
No requirement is made on the track-level NN score in these CRs. Normalisation factors

— 20 —



CR name Trigger Nightlep  N2%y — ERESS [GeV]  EP™ " [GeV]

CR-DT-1¢ Single-lepton  le/1p = — > 200
CR-DT-2¢ Single-lepton  2e/2u = — > 200
CR-DT-lelp Single-lepton  le+1p =0 — > 200
CR-DT-lowMET  EHiss =0 — [275, 325]  —

Table 9. Requirements of the CRs used in the displaced track search that are mutually orthogonal
due to the lepton requirements. There are no overlapping events between the CRs and the SRs of the
displaced track search. EX™ "* denotes EXsS with the leptons treated as invisible.

for W*(— (*v,)+jets and W+ (— Tl::pVT)+jetS in which the 7-lepton decays leptonically
are constrained by fitting the distribution of the transverse mass mr in CRs requiring
exactly one tight lepton, defined as CR-DT-1¢ (¢ = e, ). As myp tends to be smaller
for W*(— Tli[pl/.r)—{—jets processes, CR-DT-1/ regions are separated into two bins with m
in [20,40) and [40,120) GeV to simultaneously constrain the corresponding factors. The
normalisation factors obtained for W*(— ¢*1vy)+jets and W+ (— ngpl/T)ﬂets are 1.20 +0.01
and 1.2 £ 0.1, respectively.

Normalisation factors for Z(— vv)+jets and Z(— £14~)+jets processes are presumed to
be the same and are constrained by fitting the dilepton mass in CRs with two same-flavour
tight leptons, defined as CR-DT-2¢. While diboson processes make subleading contributions
to CR-DT-2¢, they are primarily constrained by the simultaneous fit in a CR that requires
two different-flavour tight leptons, defined as CR-DT-1elu. The leptonic CRs CR-DT-1/,
CR-DT-2¢, and CR-DT-1elyu are triggered with single-lepton triggers and require high ERiss
with the leptons treated as invisible particles, denoted by Ep s, 10-L which helps in keeping
the event topology similar to the targeted process. The pr threshold of the single-electron
(single-muon) triggers varied between 24 GeV and 26 GeV (20 GeV and 26 GeV) during the
2015-2018 data-taking period. The offline p of the electrons and muons are required to be
above these trigger thresholds in CR-DT-1/ to ensure that the trigger efficiencies are in their
plateau regions. This requirement also enforces orthogonality between CR-DT-1¢ and the SRs
of the 141T search, which require the lepton pt to be below 10 GeV. The number of b-jets is
required to be zero to suppress contributions from top quark processes. The normalisation
factors obtained for Z+jets and diboson processes are 1.29 + 0.01 and 1.4 £ 0.2, respectively.

Finally, CR-DT-lowMET provides constraints on the normalisation factor for W*(—
Tlf;duT)—l—jets processes in which the 7-lepton decays hadronically. In this region, EMiss
is required to be in [275,325] GeV and the distribution of min A¢(p%i, j), defined as the
minimum azimuthal separation between the missing transverse momentum and any jet, is used
for the fit. The normalisation factor obtained for W= (— 75 v, )+jets processes is 1.37 + 0.04.

In addition to the event-level normalisation, track-level reweighting is applied to correct
for any mismodelling in the kinematics of the tracks. The track-level reweighting consists of
three sets of factors which are also obtained by a simultaneous fit later described in section 9.1.
The first set of track reweighting factors is applied to consider the modelling differences
between tracks originating from primary vertices and those that do not, dominantly tracks
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Variable Requirement

Track pr [GeV] > 2.5
Track |n] <15
Track |dp| [mm] <10

Track zgsinf [mm] < 1.5
Track p$™e4 [GeV] < 1.0
Agp(trk, p?iss’ no—Z> <1.0

Lepton veto Not matched to a lepton-associated track

Table 10. Summary of the 7-track criteria applied to obtain the track reweighting factor in CR-DT-
lowMET.

from pile-up. The reweighting factors are process-independent and are determined using
CR-DT-1u, having enough events. CR-DT-1y is categorised into two regions by |zpsinf|: a
region with |zpsin @] < 0.1 mm dominated by tracks associated with the primary collision
and a region with |zpsin#| > 0.5 mm dominated by pile-up tracks. The factors are binned
in track pr and are only applied to tracks with pr < 3.2 GeV, where such mismodelling
is prominent. The obtained first set of reweighting factors ranges in 1-1.4 with a relative
uncertainty below 4%. The validity of these factors for different processes is confirmed in
other CRs, such as CR-DT-1e and CR-DT-lowMET.

The second set of reweighting factors corrects for the mismodelling of the track isolation
variable, resulting in fewer isolated tracks in data. Similarly to the first set, this set of factors
is obtained in CR-DT-1p categorised into two regions using the same |z sin 6| requirements
and is applied separately. The factors are binned in chone40 and their obtained values are
in the range of 0.8-1.1 with a relative uncertainty below 3%. The validity of these factors

has also been confirmed in other CRs to ensure process independence.

The third reweighting factor corrects for the mismodelling of leptonic or hadronic tracks
originating from 7-lepton decays under the high—E%iSS preselection with a lower bound of
275 GeV, which is not applied in the first and second sets of factors. A single normalisation
factor is obtained in CR-DT-lowMET with additional ‘r-track’ criteria as defined in table 10
to enhance the contributions from the targeted W=*(— Tﬁ;dl/.r)ﬂets processes. The obtained
third reweighting factor is 0.64 with a relative uncertainty below 5%. This factor is applied
only to simulated tracks originating from 7-leptons.

As shown in table 11, four VR categories are constructed to validate different aspects of
the background estimation method for the displaced track search. Figure 5 illustrates how
the different VRs map onto the event-level NN score vs track-level NN score plane. Each of
the categories is further divided into three or four regions, depending on their event-level
and track-level NN scores. VR-DT-u uses the single-muon trigger and all other VRs use
the EXSS trigger. While some VRs may overlap with CRs by definition, they represent
only a small fraction of the event yields in these CRs and therefore still provide a means
of validating the background estimation strategy.

— 922 —



VR name Npre-lep Event-level NN score Track-level NN score Additional requirement

VR-DT-Evt-1 =0 [0.712,1] < 0.705 —

VR-DT-Evt-2 =0 [0.645,0.712) < 0.705 —

VR-DT-Evt-3 =0 [0.582,0.645) < 0.705 —

VR-DT-Trk-1 =0 <0582 0.799, 1] BB ¢ [325,500] GeV

VR-DT-Trk2 = < 0.582 [0.788, 0.799) B € [325,500] GeV

VR-DT-Trk-3 = < 0.582 [0.716,0.788) Emiss € [325,500] GeV

VR-DT-Trk-4 =0 <0.582 [0.705,0.716) B ¢ [325,500] GeV

VR-DT-p-1 =1 (tight muon) Same as SR-DT-1 Single-muon trigger, Ex' i3, 100 1sed
VR-DT-pu-2 =1 (tight muon) Same as SR-DT-2 Single-muon trigger, E7' iss, no-L y1ced
VR-DT-u-3 =1 (tight muon) Same as SR-DT-3 Single-muon trigger, Em™™ -4 ysed
VR-DT-pu-4 =1 (tight muon) Same as SR-DT-4 Single-muon trigger, Eq' %, 0L ged
VR-DT-7-1 =0 [0.712,1] — T-track criteria with track pr >8 GeV
VR-DT-7-2 =0 [0.645,0.712) — T-track criteria with track pr >8 GeV
VR-DT-7-3 =0 [0.582,0.645) — T-track criteria with track pr >8 GeV

Table 11. Definitions of the four VR categories used in the displaced track search.

OL(1L) region ?VR'DTQ

o A R-DT-u-2)
o VR-DT-Trk-1 SR-DT-1
@ 0.799 po---ooooeooooooodboooo (VR-DT-p-1)
£ 0.788 |-----=----—--m-- b
S 0.716 -
£ 0.705 et
F .
VR-DT--- {3 L 2 | 1
o
IYd =
1 1 -
§&od
o6 b
B S -
> > >

>
0.582 0.645 0.712

Event NN score

Figure 5. Illustration of the four validation region categories defined in the event- vs. track-level NN
score plane. Each VR is further divided into three or four slices defined by the event and track NN
scores. VR-DT-u regions have the same score requirements as the SR-DT regions but with the 1L
requirement and are denoted in parentheses.
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VR-DT-Evt is defined to have high event-level NN scores, but vetoes events having tracks
with high track-level NN scores; it verifies the validity of the event-level NN model and the
event-level normalisation factor for each background process. On the other hand, VR-DT-Trk
is defined to have a high track-level NN score, but vetoes events with high event-level NN
score. It is further required to have moderate Effniss in the range of 325-500 GeV to ensure
sufficiently low signal contamination and retain orthogonality with CR-DT-lowMET. VR-
DT-Trk helps in verifying the validity of track-level NN model and the track-level corrections
using reweighting factors.

To validate the estimation method in a region where the event-level and track-level
networks both yield high scores, VR-DT-p is defined by requiring one tight muon. For this
region, the single-muon trigger set is used and EX™ is substituted by Ei > no-¢ ¢ mimic the
kinematics in the SRs excluding leptons. All of the event-level and track-level selections for
this region are performed with this substitution. Furthermore, VR-DT-7 is defined to validate
the modelling of W*(— 7%, )+jets processes in regions with high event-level NN scores.
In VR-DT-7, tracks are required to satisfy the 7-track criteria used for CR-DT-lowMET
but with track pr > 8 GeV. Compared to the signal processes of interest, the track pr
tends to be larger in W*(— 7%v,)+jets events and this track pt requirement is found to
suppress signal contamination while retaining sufficient statistics for validating the modelling
of the W*(— 7%u,)4jets background.

7.2 1£61T background estimation

SM background processes with a high-pt jet and a boosted system with neutrinos in the
final state could satisfy the leading jet and ERS selection of the 1/1T search. The identified
lepton is usually a real lepton, whereas the tracks identified with the low-p1 lepton-track
identification methods have significant contributions from fake leptons. Since these tracks
are required to be prompt, most of them are expected to correspond to low-pp hadrons
originating from the underlying event. From these object-based considerations, the most
dominant SM background process is W*+jets with a leptonic W+ decay. In addition to
these dominant backgrounds, there are small contributions from events in which the low-p
lepton-track corresponds to a real lepton. Such backgrounds are contributions from processes
that feature two or more leptons in their final states, including Z®*)+jets and diboson.
Thus, the SM backgrounds for the 11T search are categorised into two components: ‘fake
lepton-track’ backgrounds from events in which the low-pt lepton-track corresponds to a fake
lepton, and ‘true lepton-track’ backgrounds in which the low-pr lepton-track corresponds to
a real lepton. The dominant fake lepton-track backgrounds are estimated by a data-driven
method described below, whereas the small true lepton-track backgrounds are estimated
directly using MC simulation.

As MC simulation is not expected to accurately model processes with fake lepton-tracks,
a data-driven method is used to estimate the contributions of fake lepton-track backgrounds.
The method is performed by defining control regions, subtracting the true lepton-track
contributions from each, and obtaining the ratio of yields of the fake lepton-track contributions
between those regions. Regions are defined by applying the event and object criteria in
tables 5 and 6 and imposing requirements on the pNN score and Aqﬁ(p%iss, Z*) as illustrated
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Figure 6. Kinematic plane diagram used for region definitions of the 1/1T search. In terms of
kinematic variables, the SRs, CRs, and VRs are defined by imposing requirements on the pNN score
and Ag(p%is5, Z*). The value p is either 0.95 for the SRs and their corresponding CRs or 0.4 for the
VRs and their corresponding CRs.

in figure 6. The a-region is defined by pNN score > 0.95 and A¢(pT'ss, Z*) < 1.0, and the
~-region is defined by pNN score < 0.4. Both of these are further categorised into ‘pass’ and
‘fail’ regions following figure 7, based on whether the low-p lepton candidate track passes
or fails the ID-score requirements in table 8. Therefore, the pass region within the a-region
corresponds to the SR. Within the y-region, dominated by SM backgrounds, the pass and
fail regions are denoted by CR-1/1T-A and CR-1/1T-B, respectively. ‘Transfer factors (TFs)’
are measured by taking the ratio of the number of events belonging to CR-1/1T-A and that
of CR-~1/1T-B, separately for each of the track pr bins in [0.5, 1.0), [1.0, 1.5), [1.5, 2.0),
[2.0, 3.0), and [3.0, 5.0] GeV for the electron channel and [1.0, 1.5), [1.5, 2.0), [2.0, 3.0), and
[3.0, 5.0] GeV for the muon channel. The measured TFs are then applied to the number
of events in the fail region within the a-region, defined as CR-1/1T-C. This pp-binned
method accounts for the effects of indirect correlations between the low-pr lepton-track ID
and the event selection pNN through the track kinematics and improves the estimate of the
pNN-score distribution in the SR. The TF values range in O(10~4-1072), typically having
larger values in higher track pr bins.

Three VRs are defined to validate the background estimation method of the 1/1T search.
VR-1/1T-highLarge(hL) is defined as the low-pr lepton-track ID pass region within the
B-region in figure 6 with pNN score higher than 0.4 and A¢(p%ss, Z*) larger than 1.4, to
test the validity of applying the TFs measured in low pNN-score regions to high pNN-score
regions. The TFs used to estimate the background in the SR are applied to the fail region
within S-region, labelled as CR-1¢1T-hL, to estimate the yield in VR-1/1T-hL.
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Figure 7. Schematic diagram of the background estimation method for the 1/1T search. CR-1/1T-A
and CR-1/1T-B are used to measure the transfer factors (pass-to-fail ratio) of the low-pr lepton-track
identification. The transfer factors are binned in track pr to correctly estimate the pNN-score shape
in the SR. The measured transfer factors are then applied to CR-1/1T-C to estimate the background
in SR-1/1T.

VR-1/1T-DF and VR-1£1T-SS are used to validate the overall estimation method. VR-
1/1T-DF is defined by inverting the flavour requirement of the tight lepton (e.g. a muon
and a low-pp electron track are required for VR-1e1T-DF). To avoid possible overlaps with
the SRs, the track is explicitly required to fail the ‘other’ low-pr lepton-track ID criterion
indicated in table 8 (e.g. the track in VR-1elT-DF is required to have low-pp muon-track ID
score below 0.6). VR-1/1T-SS is defined by requiring the same charge between the lepton and
the low-pr lepton-track. Except for the loosened pNN-score requirement of > 0.4 to ensure
sufficient statistics, kinematic requirements are the same as those for the SR. For these two
VRs, the yields are obtained with dedicated CRs and TFs, similar to the method illustrated
in figure 7. All of the SR, CRs, and VRs used in the 1/1T search are listed in table 12.

8 Systematic uncertainty

Systematic uncertainty is evaluated for all signal samples and background processes. The
sources of uncertainty are common to both the displaced track and 1/1T searches unless noted.

Figure 8 shows the relative systematic uncertainty in the predicted SM background yields
in the SRs derived from background-only fits to the CRs. Sources of experimental uncertainty
include those related to the reconstruction and selection of objects relevant to the analysis. As
both the displaced track and 1¢1T searches target boosted topologies with a high-pt leading
jet and high EMS| sources of uncertainty related to these objects are found to be dominant
experimental uncertainty. Sources of uncertainty related to jets, which mainly involve the jet
energy scale (JES) and jet energy resolution (JER), are evaluated as a function of jet pr and
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Figure 8. The relative systematic uncertainty (post-fit) in the fitted SM background event yields in
the SRs obtained from a background-only fit to the CRs for (a) the displaced track search and (b)
the 1/1T search. The ‘Normalisation/reweighting’ category for the displaced track search includes all
sources of uncertainty relevant to the normalisation and reweighting factors used in the background
estimation. The ‘Fake non-closure’ category for the 1/1T search denotes the non-closure uncertainty
assigned to the fake lepton-track background component. The ‘Fake TF/CR’ category for the 1/1T
search includes all sources of uncertainty related to the transfer factors and statistical uncertainty
in the CRs for the data-driven estimate of the fake lepton-track component. Sources of uncertainty
related to the reconstruction and identification of jets, ERisS leptons, and lepton-tracks are included
in the ‘Experimental’ category. The ‘Background modelling’ category includes the theory uncertainty
in the background processes. The ‘MC Statistics’ uncertainty originates from the limited size of the
MC samples. The individual sources of uncertainty can be correlated and therefore do not necessarily
sum in quadrature to the total uncertainty.
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Low-pr lepton-

Region name Sign  Flavour pNN score Acf)(pfr"iss, Z*) Region type Description

track ID
SR-1/1T OS SF > 0.95 <1.0 «a Pass SR with OS-SF
CR-1/1T-A OS SF <04 — 04 Pass TF measurement numerator
CR-1/1T-B OS SF <04 04 Fail TF measurement denominator
CR-141T-C OS SF > 0.95 <1.0 «a Fail TF application CR for SR
CR-1/1T-hL OS SF > 0.4 > 14 B8 Fail TF application CR for VR-1/1T-hL
CR-1/1T-SS-A SS SF <04 — vy Pass TF-SS measurement numerator
CR-1/1T-SS-B SS SF <04 — vy Fail TF-SS measurement denominator
CR-1/1T-SS-C  SS SF > 0.4 <10 o Fail TF-SS application CR for VR-SS
CR-U/1T-DF-A  OS DF <04 — 04 Pass TF-DF measurement numerator
CR-I/1T-DF-B OS  DF <04 — ¥ Fail TF-DF measurement denominator
CR-I/1T-DF-C OS  DF > 04 <1.0 «a Fail TF-DF application CR for VR-DF
VR-1/1T-hL OS SF > 0.4 > 1.4 B8 Pass VR within OS-SF with large Ag(pyis*, Z*)
VR-141T-SS SS SF >04 < 1.0 et Pass VR with SS-SF
VR-1/1T-DF OS DF >04 <1.0 et Pass VR with OS-DF

Table 12. List of SR, CRs, and VRs used in the 1/1T search. OS/SS stands for opposite/same sign,
and SF/DF stands for same/different flavour, of the lepton and the lepton-track. The pNN-score
thresholds for a-regions for SS-SF and OS-DF are lowered to 0.4 to increase event yields. For DF
regions, as described in the text, there are additional requirements on the low-pr lepton-track 1D
scores to avoid possible region overlaps with the SR in the other channel with different lepton flavour.

1. This uncertainty is determined from data and MC studies such as the measurement of
jet-pr balance in dijet and Z/v+jets processes [112]. Sources of uncertainty related to b-jet
identification and vertex tagging are also considered. Uncertainty in the modelling of Ell?iss
in the MC simulation is estimated by propagating the energy and momentum scale of the
objects entering the calculation of EMS and the variations of the resolution and scale of the
soft-term. Sources of systematic uncertainty for leptons include those in the reconstruction,
identification and isolation efficiencies, and those in the momentum/energy resolution and
scale [108, 126]. Other sources of experimental uncertainty originate from pile-up modelling,
tracking efficiency, and track impact parameter resolution. For the background MC samples of
the 1¢1T search, the experimental uncertainty only affects the subdominant true lepton-track
component, hence to avoid fit instabilities, a single 50% envelope uncertainty is assigned,
which is found to cover all of the individual sources of experimental uncertainty, the largest
of which is 40%. Moreover, the 1/1T search considers sources of uncertainty in low-pp
lepton-track identification performance, such as those originating from the calibration.

For the displaced track search, uncertainty in the semi-data driven background estimation
is considered. Uncertainty in the event-level normalisation factors for each background
processes and track-level reweighting factors, originating from the data and MC statistics in
the CRs, is taken into account by performing a simultaneous fit with all sources of uncertainty
included. The relative uncertainty values of these factors are typically below 10%.

For the 1/1T search, uncertainty in the transfer factors and statistical uncertainty in
the corresponding CRs is incorporated into a simultaneous fit. Moreover, a non-closure
uncertainty is applied to the fake lepton-track component to consider sources of uncertainty
originating from the data-driven estimation method itself, such as the choice of variables
used to define the CRs. The non-closure uncertainty is defined in such a way as to ensure
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compatibility between the total background prediction and the observed data in all VRs of
the 1/1T search, taking into account the statistical uncertainty in the data. A non-closure
uncertainty of 15% and 40% is assigned to the fake lepton-track components of the 1elT
and 1ul1T channels, respectively.

Theory modelling uncertainty is also considered for MC samples of dominant background
processes. For the displaced track search, these sources of uncertainty are considered for all
background processes. For the 1/1T search, the fake lepton-track background is estimated
using data-driven methods and therefore no theory uncertainty is assigned to this component.
The remaining 10-20% of the total background in this search arises from processes that
produce true lepton-tracks and is estimated using MC samples. Theory uncertainty is
therefore considered for the V +jets and diboson processes that dominate the true lepton-track
background.

Common to both of the searches, uncertainty originating from the choice of QCD
renormalisation and factorisation scales is evaluated by varying the corresponding MC
generator parameters up and down by a factor of two around their nominal values. Uncertainty
associated with the choice of PDF set [57, 80] and the strong coupling constant as is also
considered. Furthermore for the displaced track search, uncertainty in the resummation and
matching scale between matrix elements and parton showers is considered for V +jets samples
by varying up and down the corresponding parameters in SHERPA.

For signal samples, uncertainty originating from multi-parton interactions and parton
showers is considered on top of the theory uncertainty mentioned above. This uncertainty is
evaluated from the change of yields with different tune variations using a few of the samples.
Five types of variations are considered according to the Al4 tune of PYTHIA [64]: one
for underlying event effects, one for jet structure effects, and three for different aspects of
extra jet production. The sum in quadrature of the five variations is used as the overall
uncertainty. As this uncertainty is found to have little dependence on the SUSY particle
masses, uncertainties of 6.4% and 15% are assigned to all signal samples for the displaced
track and 1£17T searches, respectively.

As shown in figure 8, the systematic uncertainty of the displaced track search is dominated
by the uncertainty related to the normalisation and track reweighting factors, and the
background modelling uncertainty. The impact of a given category of uncertainty is estimated
by taking the results from the nominal background-only likelihood fit to the CRs, fixing
the parameters associated with the other sources of uncertainty to their best-fit values, and
propagating the variations of the remaining floating parameters to the background prediction
in the SRs using the covariance matrix from the nominal fit [127]. The profile likelihood
method used for the fits is described in more detail in section 9. Since the individual sources of
uncertainty in different categories can be correlated, the uncertainties from each category do
not necessarily sum in quadrature to the total systematic uncertainty using this decomposition
method, and can even be larger than the total in the case of the displaced track SRs. This
feature arises mainly from anti-correlations between the theoretical uncertainties and those
related to the normalisation and reweighting factors for the dominant Z(— vv)+jets and
W*(— 7%v,)+jets backgrounds, leading to a partial cancellation when they are included
simultaneously in the likelihood fit. For the 1/1T search, the non-closure uncertainty in
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the fake lepton-track contribution is the most significant, especially for 1u17T. For 1elT,
uncertainty in the transfer factors and CR statistical uncertainty become more dominant,
due to limited data.

9 Results

Data in the CRs, VRs, and SRs are compared with SM predictions using a profile likelihood
method [128]. The sources of systematic uncertainty are treated as nuisance parameters
with Gaussian-distributed constraints in the likelihood. The correlations among the sources
of uncertainty are considered in this method. Following the comparisons in the control
and validation regions in section 9.1, results in the signal regions are shown in section 9.2.
Section 9.3 and section 9.4 show the results of model-independent and model-dependent
interpretations, respectively.

9.1 Control and validation regions

Background-only fits of the CRs are performed using only the CRs to constrain the fit
parameters. For the displaced track search, a simultaneous fit is performed using all CRs to
constrain all event normalisation and track reweighting factors. For the 1/1T search, data
in CR-1/1T-A, CR-1/1T-B, and CR-1/1T-C are fitted simultaneously to constrain the TFs
and to obtain the background contribution in the SRs. The same procedure is performed to
estimate the SM background yields in the VRs, using the CRs defined in section 7.2.

The SM background prediction obtained from the background-only fit is first compared
with data in the VRs to verify the validity and accuracy of the background estimation method.
Figure 9 shows a comparison between the data and estimated background event yields in the
VRs, where all differences are below the 20 level. The non-closure uncertainty in the fake
lepton-track components mentioned in section 8 is applied to the 1/1T search. Figures 10
and 11 show examples of kinematic distributions in the VRs after a background-only fit
using the CRs.

9.2 Event yields in signal regions

The data and the SM background prediction obtained from the background-only fit are then
compared in the SRs. Such comparisons are shown in figure 12 and table 13. Deviations in
all regions are within 20. The largest deviations for the displaced track and 1/1T searches are
found to be —1.30 in SR-DT-4 and 1.50 in SR-1u1T-dM5, respectively. Figures 13 and 14 show
examples of kinematic distributions in the SRs after a background-only fit using the CRs. For
the 1/1T search, the m(Z*) distributions for the signal and background processes in figure 14
demonstrate that the pNN is successfully learning to select events based on the reconstructed
Z* mass, which is expected to have a kinematic cutoff at Am(f(g, 92(1)) for signal processes.
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Figure 9. Comparison of the observed and expected event yields in all VRs of (a) the displaced
track search and (b) the 1¢1T search. The bottom panel in each plot shows the significance of the
difference between the observed and the predicted yields, following the profile likelihood method of
ref. [129] in the case where the observed yield exceeds the prediction and using the same expression
with an overall minus sign when the observed yield is below the prediction. (a) All slices are shown
for each of the four VR categories: VR-DT-Evt, VR-DT-Trk, VR-DT-7, and VR-DT-p. (b) On the
left of the plot are VRs for 1elT and on the right are VRs for 1u1T. All six pNN-0 =1, 1.5, 2, 3, 4,
and 5 GeV slices are shown for each of the three VRs: VR-hL, VR-DF, and VR-SS. The category
‘Others’ contains background processes including top quarks, multijets and v+jets. Uncertainty in the
estimated background includes both the statistical and systematic uncertainties.
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Figure 11. Examples of kinematic distributions in the VRs of the 1¢1T search after the background-
only fit using the CRs. (a) and (b) show distributions of pNN score and m(Z*) in VR-1e1T-DF-dM3,
respectively. (¢) and (d) show distributions of pNN score and m(Z*) in VR-1ulT-hL-dM2. The
category ‘Others’ contains background processes including top quarks, multijets and y+jets. The
uncertainty bands on the expected background include all statistical and systematic uncertainties.
Upper arrows in the lower panel indicate data points outside the vertical range shown.
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Figure 12. Comparison of the observed and expected event yields in all SRs of (a) the displaced
track search and (b) the 1¢1T search. The bottom panel in each plot shows the significance of the
difference between the observed and the predicted yields, following the profile likelihood method of
ref. [129] in the case where the observed yield exceeds the prediction and using the same expression
with an overall minus sign when the observed yield is below the prediction. (a) All four SRs are
shown for the displaced track search. (b) On the left of the plot are the SRs for 1elT and on the
right are the SRs for 1pu1T. All six pNN-6 =1, 1.5, 2, 3, 4, and 5 GeV slices are shown. The category
‘Others’ contains background processes including top quarks, multijets and v+jets. Uncertainty in
the estimated background includes both statistical and systematic uncertainties. Predicted yields for
some signal mass points are overlaid for reference.
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SR name SR-DT-1 SR-DT-2 SR-DT-3 SR-DT-4

Observed 17 39 160 386

Fitted SM events 19.0+1.9 46.24+3.9 152.94+76 424+20

Z — vb 105+1.5 21.94+32 87+10 226+ 29
W* — 1t v, 3.0+0.7 9.6+3.0 31.6=+6.0 99 + 23
w* - leé:pVT 3.6+1.1 95+20 21.4+5.6 60 + 12
1747 1.24+04 2.9+0.5 48+1.0 134425
W+ = ety 0.5+0.2 1.1+0.5 32+1.7 9.8+4.1
W+ — utu, 0.20 +0.05 0.84 +0.08 32+0.3 105+1.0
Z =0t 0.04 + 0.02 0.1+0.1 030+0.10 1.3+04
Others 0.1+0.1 0.4+0.2 13404 43+15
SR pNN-6 [GeV] 1 1.5 2 3 4 5
Observed 1 2 7 7 6 7
e Fitted SM events 1.54+0.4 25+0.6 4.4+0.9 85+1.8 10.0+2.4 58+ 1.8
§ Fake tracks 1.14+04 1.9+0.6 3.7+1.1 7.6 +22 8.6 £2.5 484+ 1.8
% 17474 0.22+0.17 0.41+0.29 0.66+0.43 0.67+0.43 0.7 +0.53 0.64+0.44
WHtjets 0.107043  o0.10t54s  0.10f54s 01051 041759 0127545
Z+jets 0.0415:%9 <0.01  0.027009 0107018 017020 0.277)28
Others <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Observed 6 11 17 22 18 16
- Fitted SM events 6.6 2.2 12.2+4.5 17.2+6.4 196 +7.2 12.9+4.7 8.1+3.3
—
j} Fake tracks 5.7+25 10.8 £4.6 15.6 £ 6.6 17575 109 +49 6.4+ 3.5
% 4% 0.79 £0.52 1.24+0.8 1.34+0.8 1.7+ 1.0 1.44+0.8 1.14+0.7
W +jets <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Z+jets 0.11+£0.09 0.11+£0.09 0.24+0.18 0.41+0.28 0.59+0.36 0.66+0.41
Others < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

Table 13. Observed and predicted event yields in the SRs from a background-only fit using the CRs
for (top) the displaced track search and (bottom) the 1/1T search. The category ‘Others’ contains
background processes including top quarks, multijets and ~y+jets. Uncertainty in the predicted
background yields includes statistical and systematic uncertainties.
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Figure 13. Examples of kinematic distributions in the SRs of the displaced track search after the
background-only fit using the CRs. Overflow events are included in the last bin of the track S(dp)
distribution.The category ‘Others’ contains background processes including top quarks, multijets and
~v+jets. The uncertainty bands on the expected background include all statistical and systematic
uncertainties. Upper arrows in the lower panel indicate data points outside the vertical range
shown. Predicted yields for a signal mass point of m(f{g, >~(1i, )2?) = (151,150.5,150) GeV are overlaid
for reference.

9.3 Model-independent interpretation

For the 141T search, given the similarity of the phase space relevant to each of the SRs,
SR-1/1T-dM1, SR-1/1T-dM3, and SR-1/1T-dM5 are selected to test the excesses of events in
the SRs and to set upper limits on the visible cross-sections of physics beyond the SM. For this
purpose, each SR is constructed by combining the corresponding electron and muon channel
SRs into a single bin. A discovery fit configuration mentioned in section 7 is applied, where a
generic signal model with an unconstrained normalisation parameter is included to estimate
the contributions from any phenomena beyond the SM. The probability under the SM-only
hypothesis is quantified by calculating the p-value and the corresponding significance for each
SR. For the final state targeted by the displaced track search, analogous results are reported in
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Figure 14. Examples of kinematic distributions in the SRs of the 11T search after the background-
only fit using the CRs. (a) and (b) show distributions of Es* and m(Z*) in SR-1e1T-dM3, respectively.
(c) and (d) show distributions for EX and m(Z*) in SR-1u1T-dM2, respectively. The category
‘Others’ contains background processes including top quarks, multijets and vy+jets. The uncertainty
bands on the expected background include all statistical and systematic uncertainties. Predicted
yields for signal mass points of m(f(g, )2(1]) = (102, 100) and (128,125) GeV are overlaid for reference.

ref. [27], where the single-bin SRs are defined by a fixed set of kinematic requirements without
the use of machine learning classifiers, thus enabling more straightforward reinterpretations
of the results in the context of some generic beyond the SM physics process.

Table 14 shows the results of the model-independent interpretation for the 1/1T search.
Data and predicted SM yields agree well in SR-1/1T-dM1 and SR-1/1T-dM3, resulting in
95% confidence level (CL) upper limits of 0.05fb and 0.13fb on the visible cross-section of
physics beyond the SM. Consistent with the deviation observed in SR-1u1T-dM5, a deviation
of 1.50 is observed between data and the SM predictions in SR-1/1T-dM5, resulting in a
looser upper limit of 0.14 fb.
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SR name Nobs Nexp (ed)% [fb] S, SR, p(S=0) o

SR-1/1T-dM1 7 81424 0.05 74 81737 — —
SR-1/1T-dM3 29 28.1+74 0.13 185 181752 047 0.7
SR-141T-dM5 23 13.9+3.7 0.14 20.1 127733 0.07 148

Table 14. Results of the model-independent interpretation of the 1/1T search. For each SR indicated
in the first column, the observed N,ps number of events and predicted Ny, number of SM events are
shown in the second and third columns. The following columns show the observed 95% CL upper

limits on the visible cross-section, <eo>215)5, and on the observed and expected number of signal events

corresponding to physics beyond the SM, denoted by S and S92

b exps respectively. The +1o variations

are also shown for S92 .
the corresponding Gaussian-equivalent statistical significance o, where p-values are capped at 0.5. For

cases in which the data yield is smaller than expected, the p-value and the significance are not shown.

The final columns show the p-value for the SM-only hypothesis p(S = 0) and

9.4 Model-dependent interpretation

Exclusion fits are performed to set limits on the higgsino model under study. For the
displaced track search, all CRs and SRs are fitted simultaneously with a parameter of interest
corresponding to the signal strength, which scales the signal yields in all regions. For the
141T search, the same procedure is performed for each pNN-0. The CLg prescription [130] is
used to perform hypothesis tests on the target higgsino model. Exclusion limits at 95% CL
are presented in a two-dimensional plane with the horizontal axis given by the mass of ﬁc
and the vertical axis given by the mass difference between )NC{E and >~((1], where the simplified
higgsino model assumes Am(%g,fég) = 2Am(>ac,>2?).

Figure 15 shows the exclusion contours for the displaced track and 11T searches overlaid
on other search results. For the displaced track search, as slight deficits are observed in
SR-DT-1, 2, and 4, the observed limit extends beyond the expected, reaching up to about
m(fﬁi) = 200 GeV for Am(fﬁi,i?) = 0.6 GeV. Excluded Am(fﬁi,fc?) ranges from 0.3 to
1.2 GeV.

The exclusion contours of the 1/1T search are drawn by taking an envelope of the
six contours obtained from the six pNN-6 configurations. This procedure is performed by
selecting the pNN-0 with the best expected CLg for each mass of the signal samples. The
expected sensitivity of the 1£1T search originates largely from 11T, as the muon-identification
efficiency is higher compared with that of electrons in the very low-pr regime. The effects of
a slight deficit in data observed in SR-1elT-dM4 and slight excess observed in SR-1u1T-dM5
cancel out to yield an observed limit close to the expected limit. The observed limit extends
up to m()ﬁc) = 130 GeV at Am()ﬁc,ﬁ)) = 2 GeV.

The two searches complementarily explore simplified higgsino models in Am(ﬁ[, )~<(1)) =
0.3-3 GeV, surpassing existing limits set by the LEP experiment [33] and ATLAS searches [27,
29, 131].
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Figure 15. Observed (solid line) and expected (dashed line) limits at 95% CL for simplified higgsino
models for 1/1T (purple) and displaced track (red) searches. The limits are drawn in the Am(f(li, DZ?)
\E m(f(li) plane, with the assumption of Am(X3,X}) = 2Am()~(1i, X1). The grey region denotes the
mass exclusion limits from the LEP experiment [33]. The blue, light green, and yellow regions indicate
the limits from ATLAS soft lepton [29, 30], displaced track [27], and disappearing track [23] searches.

10 Conclusion

Two searches for the direct production of higgsinos with compressed mass spectra are presented,
based on 140 fb~! of \/s = 13 TeV pp collision data collected by the ATLAS experiment
at the LHC. Events are required to contain missing transverse momentum, a high-pr jet,
and at least one soft charged particle consistent with the decay of a higgsino-like X9 or Xi
into a nearly mass-degenerate higgsino-like X!. For models with Am(ﬁ:, >~C(1]) <1 GeV, the
charginos are expected to have non-negligible lifetimes and low-pr, and displaced tracks from
their potential decays are identified to reduce contributions from SM background processes.
For models with larger mass splittings where the higgsino decays are expected to be prompt,
events are selected that feature two low-pr electrons or muons with opposite charge, where
one of the leptons is identified using novel soft-lepton taggers. Both of the searches use NNs
to provide discrimination between signal and SM background processes.

In each search, the data are found to be consistent with the SM predictions and the results
are used to set lower limits on the higgsino masses at 95% CL in a simplified model where
Am(fég, )2(1)) = 2Am(>~dﬁ, )2[1)) The 1/1T search is able to further constrain the region where
0.8 GeV < Am()ﬁc, )2(1]) < 2.0 GeV, extending the limits established by other experiments up
to a maximum of m(ﬁc) =132 GeV for Am()H_L, 92(1)) = 1.8 GeV. Additionally, upper limits
on the visible cross-section are set at 95% CL for generic beyond the SM physics processes in
the 11T SRs that are optimised for 1, 3, and 5 GeV mass splittings. The displaced track
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search is able to extend the limits on m(ﬁc) previously set by the ATLAS experiment in this
final state by approximately 30 GeV, with a maximum exclusion set at m()ﬁi) =199 GeV
for Am(fﬁi, >Z(1)) = 0.6 GeV. Taken together, the searches presented here exclude )21i masses
below 126 GeV at 95% CL over the targeted range of Am(fﬁi,ig) within the simplified
higgsino model. The limits set by the LEP experiments are now superseded by ATLAS in
all ranges of Am()ﬁc, 92(1)) by these searches, providing additional scrutiny on the existence
of light higgsinos with compressed mass spectra.
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A NN training configurations

Table 15 shows the training configurations of the event-level and track-level NNs used in the
displaced track search presented in section 6.1 and the pNN used in the 1/1T search presented
in section 6.2. The configuration of the pNN is common to both electron and muon channels.

Hyperparameter Event-level (DT) Track-level (DT) pNN (1/1T)
Number of learnable parameters 2411 2611 21957
EarlyStopping [120, 123, 124] Enabled

Initial learning rate 0.01 0.0001
Loss type Binary cross-entropy

Optimiser Adam [133]

Table 15. Summary of the training configurations of the event-level and track-level NNs for the
displaced track (DT) search and the event selection pNN for the 1¢1T search.

Data Availability Statement. The public release of data supporting the findings of this
article will follow the CERN Open Data Policy [134]. The values of relevant plots and tables
associated with this article are stored in HEPData (https://www.hepdata.net/record
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