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ABSTRACT: This paper reports a search for decays of long-lived charginos or 7-sleptons to final
states containing a short disappearing track, a single high-energy jet, and missing transverse
momentum. The search uses 137 fb~! of data from 13 TeV proton—proton collisions recorded
by the ATLAS detector during Run 2 of the LHC. Multiple search regions are defined, all
requiring the presence of a track reconstructed from either three or four measurements in the
innermost layers of the ATLAS detector. Regions with tracks having only three measurements
are further characterised by the absence or presence of a low-energy charged pion reconstructed
using a dedicated algorithm, leveraging machine learning. Data-driven methods are used to
estimate the background contributions in the search regions. No significant excesses are found
and 95% CL lower limits are placed on the masses of charginos and 7-sleptons in the lifetime
range 0.01—10 ns. Observed (expected) mass limits of up to 225 GeV (250 GeV) are set for
pure-higgsino charginos in scenarios with lifetimes below 0.03 ns, where the electroweakino
mass splitting is entirely due to loop corrections involving the Standard Model bosons, and
up to 720 GeV (840 GeV) for charginos with a lifetime of around 1 ns. For wino production,
charginos with masses up to 880 GeV (1020 GeV) are excluded for lifetimes of around 1 ns.
For 7-sleptons with lifetimes of around 1 ns, masses are excluded up to 320 GeV (390 GeV)
in Constrained Minimal Supersymmetric Standard Model scenarios and 300 GeV (380 GeV)
in Gauge-Mediated Supersymmetry-Breaking scenarios.
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1 Introduction

Supersymmetry (SUSY) [1-6] is a theoretical framework based on a space-time symmetry
that predicts the existence of a partner for each Standard Model (SM) particle. These partner
particles have the same quantum numbers as their SM counterparts, but differ by one half unit
of spin. SUSY offers a solution to the hierarchy problem [7-10] if some of the partner particles
have masses around the electroweak scale. The supersymmetric partners are named to reflect
their SM counterparts: for example, the 7-slepton is the SUSY partner of the 7-lepton. The
supersymmetric partners of the electroweak gauge bosons and the Higgs bosons, collectively
referred to as electroweakinos, consist of the bino and winos and the higgsinos, respectively.
These states mix to form the mass eigenstates: the bino, neutral wino, and neutral higgsinos
mix to form the neutralinos ()2[1)72’374), while the charged wino and charged higgsinos mix to
form charginos ()ng), where the subscripts denote increasing mass. The superpartners of
the third-generation charged leptons (71,, 7 ) are referred to as 7-sleptons (71, 7r ) and mix
to form two mass eigenstates 71 and 7o, where 77 is the lighter of the two and is henceforth
referred to as the 7-slepton (7). R-parity-conserving supersymmetry [11] addresses several
limitations of the SM, providing a natural candidate for dark matter (DM) in the form of
the lightest supersymmetric particle (LSP) [12, 13]. In SUSY scenarios with very heavy,
strongly interacting superpartners, the direct production cross-section of electroweakinos and
sleptons in high-energy proton-proton (pp) collisions at the Large Hadron Collider (LHC)
can significantly exceed that of strongly interacting superpartners.

In scenarios where the X! and ﬁ: are wino-like and all other SUSY particles are decou-
pled, the mass difference, Am (ﬁc, )Z?), is small (~100MeV) and arises from SM radiative



corrections [14, 15]. Anomaly-mediated supersymmetry-breaking (AMSB) models [16, 17]
naturally predict such mass splittings and give rise to a wino-like LSP. In these scenarios,
the mass-splitting between the charged wino and neutral wino is suppressed at tree level by
the approximate custodial symmetry, and has been calculated at the two-loop level to be
approximately 160 MeV [14], corresponding to a chargino lifetime of T(>~<1i) ~ 0.2 ns and a
decay length of c7’()~61i) ~ 60 mm. Furthermore, a number of “natural” SUSY models [18-20],
where the X3 is no longer decoupled, predict a light higgsino LSP with a mass near the
electroweak scale. In these scenarios, the higgsino mass parameter || is small compared to
the other electroweakino mass parameters, which could mean higgsinos are discoverable at
the LHC. While the charged and neutral higgsino states are mass degenerate at tree level,
higher-order SM loop corrections generate a mass splitting of approximately 300 MeV. For
chargino masses between 91 GeV and 1000 GeV, the mass splitting ranges approximately from
280 MeV to 350 MeV [21], corresponding to chargino lifetimes of T()Zit) ~ 0.026—0.048 ns
(CT()Zit) ~ 7—14 mm) [15]. Due to the small mass splitting, the X1 is assumed to decay
via Xi — 7tX] with a branching fraction of 100% in the wino scenarios and 95% in the
higgsino scenarios [22]. The neutralino masses are set such that m()?g) = m(>~<(1)), hence
the X3 cannot decay to the )hi or X! and is treated as a stable particle that escapes the
detector, similarly to the X0

Models featuring light 7-sleptons can yield a dark-matter relic density consistent with
cosmological observations [23] and, more generally, light sleptons can participate in the
co-annihilation of neutralinos [24, 25]. Long-lived 7-sleptons arise naturally in co-annihilation
dark-matter models [26-28] and in gauge-mediated supersymmetry-breaking (GMSB) mod-
els [29-31]. Two simplified SUSY models are considered for T-sleptons in this paper. The first
is inspired by the Constrained Minimal Supersymmetric Standard Model (CMSSM) [32-34],
where a long-lived 7-slepton can arise from a small (~2 GeV) mass-splitting between the
T-slepton and the X4 LSP, CP-violating phases, and the mixing angle between the left-
and right-handed 7-slepton states. The CMSSM-inspired scenarios are parameterised by
the 7-slepton mass and lifetime, and the 7-slepton decays with 100% branching fraction as
# — 7X1. The second scenario is inspired by GMSB models, where a long-lived 7-slepton can
arise from small couplings to its decay products. The LSP is the almost massless gravitino
(G), the superpartner of a proposed graviton. This model is parameterised by the 7-slepton
mass and lifetime, and assumes a 100% branching fraction for 7 — 7G.

In all considered scenarios, the charged SUSY particle (wino, higgsino or 7-slepton) can
be produced with large momentum and live long enough to traverse multiple layers of the
ATLAS pixel detector before decaying. In models containing charginos, the chargino deposits
energy in the innermost tracking layers before it decays and can be reconstructed as a short
track if at least three layers of the tracking detector are hit. The weakly interacting LSP
will escape detection and lead to missing transverse momentum (F**) and the charged pion
from the chargino decay has a very low momentum and is not reconstructed as a track by
existing algorithms, this gives rise to the characteristic “disappearing track” signature where
the track from the chargino stops a short distance into the detector. The algorithms used to
reconstruct the short tracks, referred to as tracklets, need energy deposits (hits) in at least

three pixel layers. Therefore successful reconstruction requires charginos to have transverse
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Figure 1. Representative signal diagrams for (a) the electroweak production of )Z%)Z?, and 7-slepton
pair production in (b) CMSSM-inspired or (¢) GMSB-inspired SUSY models. The signal signature
consists of a long-lived X1 or 7-slepton, missing transverse momentum, and quarks or gluons, which
are observed as jets (7). When considering the electroweakino scenarios, the production of )Zf)?f is
also considered, as is X1 X5 specifically in the higgsino scenario.

path lengths that at least exceed the radius of the third pixel layer at ~88.5 mm. This makes
the higgsino-like scenarios considerably more challenging than the wino-like models from
an experimental perspective because of the extremely short chargino lifetime predicted in
the higgsino models. A similar scenario occurs in the case of 7-slepton production, where a
long-lived 7-slepton particle will traverse the inner layers of the pixel detector before decaying
into a 7-lepton and the LSP. The LSP escapes the detector unobserved, resulting in missing
transverse momentum, and the 7-leptons evade standard reconstruction techniques, again
resulting in a signature containing a disappearing track and missing transverse momentum.

In addition to the SUSY-specific wino and higgsino models studied in this paper, the
disappearing-track signature is typical of a large class of DM models that predict a DM
thermal relic from a massive particle with only electroweak gauge interactions [35]. The
wino and higgsino models probed in this search are part of a more generic class of models
containing spin-1/2 particles transforming under SU(2) symmetry, which give rise to nearly
mass-degenerate doublets (>~(1i, )2?) and triplets (>~<1i, 5(8, 5((1)) of new particles, respectively.
In both cases, the X! is a DM candidate, while the X1 gives rise to the disappearing-track
signature. These DM models have gained interest in the wider community as an important
area of study at future colliders [36-39].

This paper targets two electroweak production processes, the production of charginos and
neutralinos, and the production of 7-slepton pairs in CMSSM- and GMSB-inspired scenarios,
as shown in figure 1, in the context of simplified SUSY models [40-42]. In all scenarios, the
charged SUSY partner is long-lived and can be reconstructed from hits in the ATLAS pixel
detector. A high-momentum jet from initial-state radiation (ISR) is required in order to
ensure that significant missing transverse momentum is available for event triggering.

Previous ATLAS searches for long-lived supersymmetric charged particles searched for
events with a disappearing track with at least four pixel hits [43-45]. Their results benefited
from the addition of a new innermost pixel tracking layer installed during the LHC long
shutdown between Run 1 and Run 2. The extra layer of pixels enabled the reconstruction of
tracks shorter than those in the previous Run-1 analysis [46] and enhanced the sensitivity to



shorter charged-particle lifetimes. The Run-2 ATLAS search excluded wino-like charginos
with lifetimes of 0.2 ns for masses up to 460 GeV, and higgsino-like charginos with masses up to
152 GeV [43]. Searches performed by the CMS Collaboration excluded wino-like charginos with
masses below 474 GeV and a lifetime of 0.2 ns [47]. Both the ATLAS and CMS collaborations
have performed searches for stable charginos and 7-sleptons using ionisation-loss or time-of-
flight techniques, excluding charginos with masses smaller than 1.3 TeV for lifetimes exceeding
100 ns, and 7-sleptons with masses 200—560 GeV for lifetimes of 10ns [48, 49].

In order to improve on these results, significant developments were made in the tracking
techniques necessary for shorter lifetime scenarios. This search employs a dedicated tracking
algorithm to reconstruct tracklets with as few as three pixel hits. Furthermore, to enhance
sensitivity to the electroweakino production scenario, the charged pion from the decay of
the >~<1i is targeted with a specially optimised reconstruction algorithm. Due to the small
mass-splitting between the >~<1i and >Z(1), the charged pion has extremely low momentum,
ranging from 250 to 350 MeV for the >~<1i lifetimes considered, and typically has large impact
parameters measured relative to the interaction region. In this paper, the sensitivity to
charginos with wino and higgsino lifetimes motivated by SM loop corrections is significantly
improved due to new analysis methods including updated signal region selection criteria, the
previously mentioned reconstruction algorithms, and improved track-quality requirements.
The new track-quality criteria requires the disappearing track not to be associated with any
energy deposits in the calorimeter. This significantly enhances the rejection of dominant
backgrounds and accounts for two-thirds of the total improvement in the mass reach of the
search in the electroweak wino-like production channel.

The paper is structured as follows: section 2 introduces the ATLAS detector apparatus;
section 3 describes the dataset and the Monte Carlo simulation samples used; section 4
discusses the object-level event reconstruction, while section 5 describes the signal selection
optimisation and section 6 describes the background estimation techniques; section 7 provides
an overview of the systematic uncertainties considered, with section 8 presenting the results
and interpretation thereof; and finally, section 9 summarises the conclusions.

2 ATLAS detector

The ATLAS detector [50] 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 (ID) is immersed in a 2 T axial magnetic field and provides
charged-particle tracking in the range |n| < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four measurements per track, the first hit

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



generally being in the insertable B-layer (IBL) installed before Run 2 [51, 52]. It is followed
by a silicon microstrip detector called the SemiConductor Tracker (SCT), which usually
provides eight measurements per track, two per double-sided detector layer. The barrel region,
In| < 1.7, is of special interest to this analysis. Here the pixel detector comprises four layers
at radii of 33.25 mm (IBL), 50.5 mm, 88.5mm, and 122.5 mm. This is followed by the four
SCT barrel layers, located at radii of 299 mm, 371 mm, 443 mm, and 514 mm. These silicon
detectors are complemented by the transition radiation tracker (TRT), which enables radially
extended track reconstruction up to || = 2.0. The TRT also provides electron identification
information based on the fraction of hits (typically 30 in total) above a higher energy-deposit
threshold corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range |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
In| < 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 muon spectrometer (MS) comprises separate trigger and high-precision tracking
chambers measuring the deflection of muons in a magnetic field generated by the supercon-
ducting 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 monitored 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 detector [53], which records Cherenkov
light produced in the quartz windows of photomultipliers located close to the beam pipe.

Events were 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 [54].
The first-level trigger accepted events from the 40 MHz bunch crossings at a rate close to
100 kHz, which the high-level trigger reduced in order to record complete events to disk
at about 1.25kHz.

A software suite [55] is used in data simulation, in the reconstruction and analysis of
real and simulated data, in detector operations, and in the trigger and data acquisition
systems of the experiment.

3 Data and simulated event samples

This search uses data from an integrated luminosity of 137 fb~! of pp collisions at a centre-
of-mass energy /s = 13 TeV recorded by the ATLAS experiment during Run 2 of the
LHC (2015-2018). In this data-taking period, the number of interactions per bunch crossing
ranged from about 8 to 70, with an average of 34 [56]. The uncertainty in the integrated
luminosity is 0.83% [57], obtained using the LUCID-2 detector for the primary luminosity



measurements, complemented by measurements using the ID and calorimeters. Only events
recorded under stable beam conditions are used in the analysis, and general data-quality
requirements ensure that all detector subsystems were operational [56]. In about 2% of
Run 2 data taking the SCT experienced a significant increase in readout errors compared to
standard operation. These data periods are removed as it increases the number of spuriously
reconstructed pixel-only tracks which can mimic a disappearing-track signature.

The data were collected primarily with a missing transverse momentum trigger [58, 59], to
target events where the sparticle system recoils against a high-pt ISR jet and the undetected
neutral particles lead to a large amount of missing transverse momentum. The trigger
threshold was raised as the luminosity increased during Run 2, but each threshold value
provided an efficiency of >90% when requiring online a reconstructed missing transverse
momentum of at least 230 GeV. Additional single-lepton (¢ = e, u) triggers are used to select
regions to constrain background estimates, and these triggers operate on an efficiency plateau
when applying an offline lepton transverse momentum requirement of pp(¢) > 27 GeV [60, 61].

Monte Carlo (MC) simulated samples are used to model SM processes and estimate
the expected signal yields. All samples were produced using the ATLAS simulation infras-
tructure [62] and either GEANT4 [63] or a faster simulation based on a parameterisation
of the calorimeter response and GEANT4 for the other detector systems. The effect of
multiple interactions in the same and neighbouring bunch crossings (pileup) was modelled
by overlaying each simulated hard-scattering event with inelastic pp events generated with
PyTHiA 8.186 [64] using the NNPDF2.3L0 set of parton distribution functions (PDFs) [65]
and the A3 set of tuned parameters [66]. The MC simulated samples were reweighted to
match the actual distribution of the mean number of interactions per bunch crossing observed
in data in 2015-2018.

The electroweakino signal samples were generated with MADGRAPH5__ AMC@NLO 2.9.9
[67] at leading order (LO) and interfaced to PyTHIA 8.306 [68] for the modelling of the parton
showering (PS), hadronisation and underlying event. In the wino scenarios, Am(ﬁc, X?) is
dependent upon m(Xi) and follows from the calculations in refs. [16, 17]. In the higgsino sce-
narios, the mass splitting is dependent upon m()ﬁc) and is set according to the calculations in
ref. [22]. The CMSSM 7-slepton signals were generated with MADGRAPH5 _ AMC@NLO 2.9.5
at LO and interfaced to PyTHIA 8.306, while the GMSB 7-slepton signals used MAD-
GRrAPHS AMCQ@NLO 2.6.1 at LO and PyTHIA 8.230.

For all signal scenarios the underlying event was modelled with the A14 [69] set of tuned
parameters. The matrix element (ME) calculation was performed at tree level and includes
the emission of up to two additional partons. The ME-PS merging was done using the
CKKW-L [70] prescription. The NNPDF3.0L0 set of PDFs was used throughout [71]. To
ensure efficient sample generation, a lifetime reweighting procedure was used, where a single
signal-mass scenario and lifetime has a set of event weights allowing the signal to be reweighted
to different proper lifetimes of the long-lived particle. The charginos and 7-sleptons are
propagated through the detector to their decay point using the standard simulation, including
magnetic field effects and electromagnetic interactions with detector material.

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



accuracy [72-80] using RESUMMINO 2.0.1. The nominal cross-section and its uncertainty are
taken from an envelope of cross-section predictions using different PDF sets and factorisation
and renormalisation scales, as described in ref. [81]. For the wino and higgsino signal samples,
only processes involving the direct production of a )NCI_L are considered in order to produce the
disappearing-track signature. Therefore, the wino samples include >~<f>~<f and >~(1i)~<(1) production,
while the higgsino signal samples include >~<f>~<f, ﬁ[fé?, and 5(%5(8 Taking an example for
higgsino production with m(fﬁi) = 300 GeV and m(f(g) = m(f((l)) = 299 GeV, the cross-section
value for each of the >21i>28 and ﬁcf((f processes is 90.8 fb, while the cross-section is 53 fb
for X{ X1 production. For wino production with m(ﬁc) = 300 GeV and m(X7) = 299 GeV,
the cross-section values are 387 fb and 190 fb for X?)ﬁc and X1 X1 production, respectively.
Finally, the cross-section for 7-slepton pair production of m(7) = 300 GeV is 6.3 fb in both
the CMSSM and GMSB models.

MC simulation of V4 jets events was used to study the fake-tracklet background. They
were simulated with the SHERPA 2.2.1 [82] generator using NLO matrix elements for up to two
partons, and LO matrix elements for up to four partons, calculated with the Comix [83] and
OPENLOOPS [84-86] libraries. The matrix elements were matched with the SHERPA parton
shower [87] using the MEPS@QNLO prescription [88-91] and the set of tuned parameters
developed by the SHERPA authors. The NNPDF3.0NNLO set of PDFs [71] was used and
the samples were normalised to a NNLO prediction [92].

To evaluate the detector response when reconstructing short tracks and to calculate the
associated reconstruction efficiencies, a set of so-called “particle gun” samples are used. These
samples do not represent a specific physical event or process; instead, for each generated
event the particle of interest is placed at the centre of the detector with a certain momentum
and direction and can be used to investigate detector reconstruction capabilities. These
samples do not include pileup. The analysis uses three “particle gun” samples, corresponding
to electrons, muons and charged pions (implicitly including the decay products of 7-leptons),
generated uniformly across a transverse momentum range of 10—100 GeV; they are used to
estimate the reconstruction efficiencies as needed for the data-driven background estimation

methods employed.

4 Event reconstruction

The analysis uses standard ATLAS reconstruction techniques to reconstruct leptons and jets,
and to calculate the missing transverse momentum, enabling the identification of potential
events of interest before employing a dedicated tracklet algorithm to specifically identify
events containing disappearing tracks.

Standard tracks are reconstructed in the ID within |n| < 2.5 [93] and subsequently
combined to create primary vertex candidates formed from at least two tracks with pp >
500 MeV [94]. Among these, the primary vertex is identified as the vertex with the largest
> p%, where the sum runs over tracks associated with the vertex. All events considered in
the analysis are required to have a primary vertex. The transverse and longitudinal impact
parameters of all tracks, denoted by dy and zy respectively, are calculated relative to the
beamline. The z-position of the primary vertex is used to calculate the point of closest
approach, which is used as the reference point to calculate zj.



Electron candidates are reconstructed from clustered energy deposits in the electromag-
netic calorimeter matched to tracks re-fitted to account for bremsstrahlung losses [95]. They
are required to have pp > 10 GeV and |n| < 2.47, and must satisfy the “LooseAndBLayer”
quality criteria [96]. In order to ensure that the trajectories of the electrons are consistent
with originating from the primary vertex, the longitudinal impact parameter must satisfy
|zosin 6| < 0.5mm, while the significance of the transverse impact parameter, |do|/o(dp),
must be less than 5. Electrons are required to be isolated from other objects by assessing a
combination of track- and calorimeter-based information at the “FCLoose” working point [97].

Muon candidates are reconstructed by combining ID tracks with matching MS tracks.
They are required to have pp > 10 GeV and |n| < 2.7, and must satisfy the “Medium”
quality criteria [98]. Muons originating from the primary vertex are selected by requiring
|20 sin @] < 0.5 mm and |dy|/o(dp) < 3. The muons must satisfy isolation requirements similar
to those applied to electrons, but using the “Loose_ FixedRad” working point [99]. Muons
reconstructed purely from MS information are used to estimate muon backgrounds, and
are referred to as stand-alone muons.

Hadronic jets are reconstructed using the anti-k; algorithm [100] as implemented in
FastJet [101] with a jet radius parameter R = 0.4. The input to this algorithm consists of
particle flow (PFlow) objects [102], which combine measurements from the ID and calorime-
ters [103] to improve the jet energy resolution and increase the jet reconstruction efficiency,
especially at low jet pp. Calibrations are applied to the jet energy scale and resolution, and
these include components derived from both simulation and in situ measurements [104]. The
analysis uses jets within |n| < 2.8 with a calibrated pp > 20 GeV. In order to reduce contri-
butions from jets produced in pileup interactions, all jets with |n| < 2.5 and pr < 60 GeV are
required to satisfy the jet-to-vertex tagger (JVT) [105] “Tight” working point requirements.
The tagger is configured to identify jets from the hard-scatter vertex with 92% efficiency.

An overlap removal procedure is applied to avoid double counting of energy from different
types of objects. If an electron and a jet are reconstructed within AR < 0.2, the jet is rejected,
while the electron candidate is kept. Subsequently, if an electron or muon is separated from a
jet by AR < 0.4, the electron or muon is discarded and the jet is kept.

The missing transverse momentum, with magnitude EXS is calculated as the negative
vector sum of the transverse momenta of all identified hard physics objects (electrons, muons,
jets), plus a contribution from an additional “soft term”. Forward jets within 2.8 < |n| < 4.5
are also included in the E%iss calculation. The soft term is calculated from tracks matched
to the primary vertex and not assigned to any of the hard objects [106] but does not contain
the reconstructed tracklets or charged pions described in the following paragraphs.

To reconstruct the disappearing track due to a charged particle decaying after passing
through the pixel detector, a dedicated tracklet reconstruction algorithm is applied after
the standard reconstruction techniques described above are performed [107]. The tracking-
detector hits already associated with reconstructed standard tracks are excluded from this
tracklet-finding iteration. The algorithm attempts to identify tracklets having three or four
hits in the pixel detector. The procedure attempts to extend the tracks into the SCT and
TRT detectors and vetoes the tracklet if it can be associated with additional hits. Compared
to the previous ATLAS analysis using the disappearing-track signature [43], the veto does not



consider an association if more SCT hits are only found multiple layers away from the tracklet.
This reduces cases where tracklets would have been vetoed due to spurious SCT hits [107]
further into the detector. To improve the momentum resolution of the tracklets, they are
re-fitted, adding the primary vertex as an additional constraint, and the tracklet is required
to have |dy|/o(dp) < 1.5 and |zpsinf| < 0.2mm. An overlap removal procedure discards
tracklets within AR = 0.4 of a jet, a lepton, or a track in the MS. Isolation requirements
are also applied to the tracklets: the scalar sum of the pp of all tracks within a cone of
radius AR = 0.4 around the tracklet, p5?®¢4%, must satisfy psenet?/ p%aCklet < 0.04 and the
total transverse energy of all topological clusters within the AR = 0.4 cone, EY poclusd0
must be less than 5GeV. Tracklets are required to have |n| > 0.1, vetoing the central
region where MS coverage is reduced. Figure 2(a) shows that the reconstruction efficiency
for three- and four-layer tracklets can reach 80% depending upon the distance travelled
by the chargino before decaying.

To identify low-energy charged pions, indicative of the electroweakino signal scenario,
a boosted decision tree (BDT) machine-learning algorithm is used. After performing the
tracklet reconstruction described above, a set of low-momentum tracks (“soft tracks”) are
reconstructed from the remaining hits. These low-momentum tracks are seeded from at least
three SCT hits that are within AR = 0.8 of a tracklet and are then extended using further SCT
or TRT hits. A minimum of six hits, and at most two holes? [107], are required to reconstruct
a soft track and a requirement of pp > 200 MeV is applied. As only a limited number of
four-layer tracklet events have a matching soft-track that satisfies the soft-track reconstruction
requirements, only events containing tracklets produced with three pixel hits are used when
performing the pion reconstruction. The BDT is used to select viable charged pion candidates
and to reject events with coincidental hits forming a soft track. The algorithm is trained with
MC signal simulation, using soft tracks that have been “truth-matched” at generator level to
charged pions from long-lived chargino decays using a A R-matching criterion.

The background is taken from data, selecting tracklets that have large impact parameter
values with respect to the primary vertex. From MC studies this is expected to be dominated
by accidental crossings, referred to as the “fake track” background. The algorithm uses eight
input variables related to the properties of the soft tracks, including the kinematic properties
pr and 7, the number of hits/holes associated with the track in the SCT, the number of
hits associated with the track in the TRT, the distance in AR between the soft track and
the tracklet, the distance in z between the soft track and the tracklet, and the x? value of
the soft track when fitted to the tracklet’s endpoint. The TMVA architecture [108] is used
with gradient boost, and a hyperparameter optimisation is performed to prevent overtraining.
Figure 2(b) displays the BDT output score. A low-energy charged pion is identified if the
score for a soft track is >0.8 and, to reduce the misidentification rate, a transverse impact
parameter requirement of |do|/o(dp) < 40 is satisfied. The latter rejects an additional 4%
of the tracklet background with minimal impact on the signal, according to MC simulation.
Figure 2(c) shows that the pion reconstruction efficiency, measured as a function of the true
pion pr in the lab-frame, is as high as 70% for pr near 2 GeV.

2A hole is a missing hit on a reconstructed track trajectory, possibly due to a non-functioning strip which
was not masked.
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Figure 2. Representative distributions related to the reconstruction of tracklets and charged pions:
(a) event yields and reconstruction efficiencies for three- and four-layer tracklet reconstruction as a
function of ﬁt decay radius; (b) BDT output score used to judge if an event contains a low-energy
pion, showing the training dataset (solid histogram) and the test dataset (points); (c) event yields
and reconstruction efficiency for charged pions as a function of the true pion transverse momentum
as measured in the lab-frame, where the acceptance includes all charged-pion reconstruction effects
but not geometric acceptance from tracklet reconstruction (which is assumed to already have been

reconstructed). The true transverse momentum is defined as pr = |/p2 + p2 in the global detector

coordinate system with the z-axis along the beam pipe. For (a) and (c) the filled histogram displays
the total yield without applying a selection, while the dashed lines present the yield after applying
the tracklet selection or tracklet+pion selection. The points denote the reconstruction efficiency. A
representative higgsino signal scenario with m(fﬁi) = 250 GeV and T()hi) = 0.04 ns is shown.

5 Analysis strategy

The signal scenarios investigated contain a tracklet, E][Illss and in the case of the chargino
production scenarios a low-energy charged pion. In all considered signal scenarios, the Ell?iss
is however too small to satisfy the EX trigger requirements. Therefore, events are required
to contain a high-pr initial-state radiation (ISR) jet to boost the SUSY particle system and
achieve enough ERSS to exceed the trigger threshold. Signal regions (SRs) are defined using
kinematic variable selections to enhance the contribution from signal processes relative to the
background processes. All SRs require events to have zero leptons, at least one jet, and a large
azimuthal separation between the highest-pr jet and the piss denoted by |Ag(j1, praiss)|.
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Variable ‘ gR4High gR4Mid GR3Highlr | gR3HighOm

Emiss trigger Passed

Number of leptons =0

Number of jets (pp > 20 GeV) >1

Leading jet pr > 100 GeV

|AG(ir, 7)) > 10

Number of four-layer tracklets >1 =0

Number of three-layer tracklets - >1

Number of charged pions - >1 =0
Tracklet pr > 60 GeV > 60 GeV >60GeV | > 60GeV
Tracklet |7 0.1-1.9 0.1-1.9 0.1-1.9 0.1-1.7
Emiss > 300 GeV | 150—300 GeV | > 240GeV | > 280 GeV

Table 1. Summary of the signal region selection requirements.

Four orthogonal SRs are defined in the analysis, two requiring the presence of a tracklet
reconstructed from four pixel layers, and another two requiring the presence of a tracklet
reconstructed from three pixel layers and differing mainly in whether or not a low-energy
charged pion is required. Table 1 provides a summary of all SR selections used in the analysis.

The four-hit SRs (SR*H8M and SR*™Mid) require events to contain a tracklet that is
reconstructed from four pixel-detector hits and has tracklet pr > 60 GeV. Tracklets with
hits in four layers provide sensitivity to a wide range of X= /T-slepton lifetimes, from 0.02
to 10ns. No requirement is placed on the presence of a low-energy charged pion. SR*High
requires high E%liss, whereas SR*Md gelects events with lower ErTniSS. The two SRs containing
tracklets reconstructed from hits in three layers are defined in order to target very short-lived
charged SUSY particles, which is the phase space of interest for the higgsino-like case, where
T()ﬁc) ~ 0.02—0.2ns. A tracklet pp > 60 GeV requirement is applied for both three-layer
tracklet SRs and the main difference between the two is the absence or presence of a low-energy
charged pion. SR3HiEhI™ requires the presence of at least one low-energy charged pion and
requires E%ﬁss > 240 GeV, whereas SR3H80™ applies a low-energy charged-pion veto and
applies a slightly tighter EIsS > 280 GeV selection.

In all regions, the backgrounds arise either from events containing particles that are
misidentified as tracklets or from unrelated coincidental pixel-layer hits that form a tracklet.
Figure 3 presents schematically how background events might be mis-reconstructed and
satisfy the SR selections. The )ﬁc signal scenario is also shown, in the case where the charged
pion is reconstructed from the track it leaves in the SCT detector, and in the case where the
charged pion does not have enough energy to reach the SCT and leave any hits. Background
events may have tracklets reconstructed from pixel hits which belong to known SM particles
(electrons, muons, hadrons) that do not pass standard ATLAS reconstruction techniques or
from coincidentally combined hits (referred to as the “fake” background).

— 11 —



— Signal tracklet

— Soft track
- = Not reconstructed

Figure 3. Schematic diagram illustrating how the signal scenarios are detected and how the
background processes may enter the SR selections. In the case of SM particles, the small grey
circles indicate measurements that are not associated with the electron/hadron/muon in standard
reconstruction, allowing the SM particles to enter the SR selections. The detector layers are not shown
to scale. Taken from ref. [43].

6 Background estimation

Data-driven methods are used to estimate all backgrounds in the analysis and a similar
approach is used for all background sources. Template regions (TRs) are used to calculate
an initial tracklet pp distribution/template by selecting events containing the background
under consideration. A set of alternative regions, with relaxed reconstruction selections, are
used to calculate transfer factors (TFs) that are then applied to the tracklet pr template to
correct for the rate of electrons, muons, hadrons, and spurious signals/fakes misidentified
as tracklets. This approach produces a purely data-driven estimate of the SR background
from electrons and muons. However, MC simulation is used to calculate the TFs for the
hadronic and fake backgrounds, so control regions (CRs) are used to normalise the tracklet
pr distribution and predict the expected yields in the SRs.

The electron and muon backgrounds arise due to bremsstrahlung from interactions
with the inner-detector material resulting in an abrupt increase in the electron/muon track
curvature. This causes the lepton to not satisfy the standard tracking requirements for lepton
reconstruction and it is instead incorrectly reconstructed as a tracklet. Hadrons can also
be misidentified as tracklets because of similar sudden increases in track curvature due to
bremsstrahlung or hadronic interactions in the inner-detector material, or charged hadron
decays inside the inner detector. Fake tracklets can be formed with spurious pixel hits from
low-pr particles that do not belong to the primary interaction (pileup), from the underlying
event, or from detector noise. The methods described below are used to estimate the expected
tracklet pr distributions ( fgﬁg) in each SR.

The dominant background contribution in all SRs is due to fake tracklets. From MC
studies it is found that true tracklets usually exhibit a correlation between the true particle
pr and the tracklet pr, whereas fake tracklets do not have this correlation. For each SR
the pr distribution of fake tracklets is estimated by

fak fak fak falk fak fak
Fs€(pr) = N TR (pr) 5 TFGEC ection (do) X TFigiia(pr) x SFL x SFie,
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using the yields in TRs modified by TFs and scale factors (SFs), which are described further

NTRfake(p1)) are extracted from three TRs

below. In total, three tracklet pp templates (
(TRfake), each defined with the same selection as the SRs, but with orthogonal selections
of ERsS < 150 GeV and |2 sin 6| > 2.5mm. Due to this inverted E¥ selection, the same
TRfake is used for SR*Hieh and SR*Mid, The EIT]rliSS trigger can be safely used with this lower
selection because the trigger efficiency does not need to be well understood in this region
since it is not used to predict the overall event yield. Furthermore, because the tracklets
are not included in the E}S calculation, the shape of the pr distribution is independent of
EXsS. The inverted impact parameter selection is highly efficient and results in a negligible
amount of signal entering the region. All three TRs select tracklets reconstructed from hits
in three layers to ensure a high-statistics pr template. Figure 4(a) presents an example of

the NTRfake (1) distribution extracted from the TR associated with SR*H&h and SRAMid,

From studies using V+jets MC events, it is found that extrapolating from the high-
|20 sin 8] TR to regions with low |zg sin 6| introduces a |dy|/o(dp) dependence. This is corrected
for by using |dy|/o(dp)-binned correction factors, TFZ%lfiorrection, defined as the ratio of the
|do|/o(dp) distribution shape for tracklets with |zpsinf| < 0.2mm to that for those with
|zosin @] > 2.5 mm and are taken directly from data. Figure 4(b) shows the difference in
|do|/o(do) between the TR and a low-|zg sin #| region, with the TF&%lfﬁorrection shown in the
lower panel.

Studies of V+jets MC events show that the fake-tracklet background has two sources:
“pure” fakes, where the tracklet is reconstructed from unrelated coincidental hits in the pixel
layers, and “hybrid” fakes, where at least one hit is not from a true hadron. In these studies
it is found that at low E} the dominant component comes from pure fakes, while at higher
EXSS there is a mixture of both contributions. To account for the different contributions
when extrapolating from low- to high—E%liss regions, the tracklet pr template is adjusted by
a pr-dependent transfer factor, TFi@lﬁrid, derived from V+jets MC samples and calculated
as the ratio of the tracklet pt distributions for pure fakes and hybrid fakes. The TFs are
used to scale the pure fake pr distribution to the hybrid fake distribution, and the sum of
the pure fakes and hybrid fakes is then used for the final tracklet pp shape. Figure 4(c)
shows the relative contributions of pure fakes and hybrid fakes from MC simulation studies,
and the ratio of the two is fitted with a falling exponential-plus-constant distribution as
shown in the bottom panel.

To scale the template to data, a set of regions enriched in fake tracklets are used; these
select events with a low-pr tracklet (py < 35GeV), low ERSS (ERSS < 150 GeV), and a
high-pp “unconstrained” tracklet (pp > 100 GeV), while keeping all other SR selections the
same. The unconstrained tracklet is produced from the same hits as a typical tracklet,

but there is no requirement to re-fit this tracklet to the primary vertex, so a significantly

Ffake

2 » are calculated as the

different pr measurement can result. A set of scale factors, S
ratio of events in the fake tracklet enhanced regions to the events in the associated TRfake
region but with an alternative selection of tracklet pt < 35 GeV and unconstrained-tracklet

pr < 100GeV ensuring orthogonality.
A final set of scale factors, SF%ESSS, are used to extrapolate the template from the low- s
T

region to the SRs with tighter B selections. The scale factors are derived from CRs which
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Figure 4. Individual components used in the estimation of the fake background: (a) shows the original
template, NTRake(p) as a solid line. The templates after the application of the transfer factors

are shown as dashed lines; (b) shows the |dy|/o(do) dependence introduced when extrapolating over
|20 sin 0] and the binwise, with respect to |do|/o(dp), transfer factors TFfiilfiormCtion(do) used to remove

the dependence; and (c) shows a comparison between the pure fake and hybrid fake contributions
and the pr-dependent transfer factors TFﬁ,kg’rid (pr) used to extrapolate from the template region that

contains pure fakes to the SR, which contains a mixture of hybrid and pure fake components.

use high values of the tracklet |dp|/o(dy) (>1.5), a loosened tracklet pr selection (>20GeV),
but otherwise the same selections as the SRs. MC simulation shows the normalisation regions
are >99% pure in fake tracklets, with a ratio of pure to hybrid fakes similar to that in the SRs.
Table 2 defines the control regions CR*°" and CR*Hi&? | with the ratio of events in the low-CR
to the high-CR used to derive the fake background Snggﬁss in the signal regions SR*High and
SR*Mid " Table 3 defines the control regions CR3M%1™ and CR3HEMN™ yged to calculate SF%%?SS
for the fake background in SR3H8M™ and table 4 defines CR3M"0™ and CR3HiEh0™ which are
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Figure 5. Individual contributions used in the estimation of the electron background: (a) presents
the original electron pr template, NTR¢(pt), as a solid line, with the templates also shown after the
application of each transfer/smearing factor as dashed lines; (b) shows the transfer factor, TF{ et
used to correct for the likelihood of reconstructing an electron track as a tracklet; (c) shows the
transfer factors, TF o veto, Used to correct for the likelihood of an electron not being associated
with a calorimeter energy cluster; and (d) shows the smearing functions, f& ...,
measured electron track pr to the tracklet pr (defined on the figure). While the tracklet pr template
and the TFs are dependent upon both pt and 7, the components are shown with their dependence

upon the tracklet pr distribution as a representative distribution.

used to correct the

used to scale this background in SR3H#&07  The remaining two CRs, CR3Mid1™ apnd CR3Mid0m

fake
EITI?ISS
The background from electrons reconstructed as tracklets is given by

are used to calculate SF for the validation regions, introduced later in the section.

€
smear

fSeR(pTv 77) = NTRe(pTv n) X TFteraCklet(pTa 77) X TFgalo—veto(pTy 77) X (pT)v

which uses the yields in TRs modified by TFs and a smearing function that is described
further below. Four electron-enriched TRs (TRe), with the same selections as the associated
SRs but with the presence of exactly one electron instead of a tracklet, are used to extract a
set of templates for the tracklet pt spectrum (NTR¢(pr,n)). An example of the template
pr spectrum is presented in figure 5(a) for the TRe associated with SR*H8h The TRe
events must fire the single-electron trigger, with an offline pr requirement of 27 GeV. To
mimic the expected EXSS distribution in the SR, the electrons are removed from the EMiss
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calculation in this region, allowing the same EXS selection as in the SR to be applied. A
data-driven tag-and-probe method using Z — ee events is used to derive correction factors to
estimate the likelihood that a standard electron is reconstructed as a tracklet (TF{ ,cxet) DY
identifying probe electrons that have a calorimeter energy cluster but no associated standard
track. Figure 5(b) shows the pr dependence of the TF{,, et distributions. A further transfer
factor (TFS, 10 veto) 18 calculated, again using a data-driven tag-and-probe method in Z — ee

events, to estimate the likelihood that an electron with a standard track does not have an

e

calo-veto for

associated calorimeter energy cluster. Figure 5(c) shows the pp dependence of TF
three- and four-layer tracklets, where both TFs are calculated in bins of tracklet pt and 7.
A transfer factor (TF{, esr) is calculated and used specifically for the regions where the
electron is associated with a low-energy charged-pion track and is used instead of TF{,, jet
when considering the regions requiring the presence of a pion. The application of these TFs
allows the electron pp template taken from the TR to be scaled in a way that takes into
account the likelihood that an electron may not satisfy both of the tracking and calorimeter
requirements, and thus is reconstructed as a tracklet. To account for the differences between a
standard reconstructed electron track and a reconstructed tracklet, a pp-dependent smearing
function (fS,.,,) is applied. To calculate the smearing function, the tracklet reconstruction is
applied to a standard track associated with an electron (again using Z — ee data) and the
difference between the charge and pr values of the standard track and tracklet are calculated.
This function is fitted using a Gaussian core with exponential tails. Figure 5(d) shows the
smearing functions used for three- and four-layer tracklets.

A similar method is used to constrain the muon backgrounds. The tracklet pt distribution
due to muons in a SR is calculated as

ng(pTv 77) = NTR#(pTv 77) X TFéLracklet(pTv 7’) X TFMMS-veto(pT’ 77) X féumear(pT)'

This is used in the same way as for the electron background and the individual terms
are derived in a similar manner as discussed below. Four muon-enriched TRs (TRu) are
defined and the tracklet pt template is taken from events passing the same selection as in
the SRs but containing exactly one muon instead of a tracklet. The TRu events must fire
the single-muon trigger, with an offline pr requirement of 27 GeV. As with the electrons, the
expected E%liss distribution in the SR is emulated by removing the muons from the E%ﬁss
calculation. Correction factors to account for muons reconstructed as tracklets (TF}:, 4or)-
and muons that do not have an associated track in the MS (TFq .., ), are calculated in
bins of tracklet pt and 7 using a tag-and-probe method in Z — uu events. A transfer factor
(TFélrackleter
low-energy charged-pion track and is used instead of TF}{,_ .. in the regions requiring the

) is calculated specifically for the cases where the muon is associated with a

presence of a pion. A pp-dependent smearing function (fX ...) is applied to account for
differences between the measured muon track pr in the TR and the reconstructed tracklet pr.
The final background considered in the analysis, the one due to hadronic interactions,

is calculated as

f8Ypr.n) = N (pp n) x TR0 (P, 1) x TEER oo (pT,m) X fo39,.(p1).

Similarly to the other backgrounds, yields in TRs are modified by TFs and a smearing
function, which is described below. Four hadronic TRs (TRhad) are defined to extract
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Variable ‘ CRALow (CR4High CRALowS CRA4MidS

EXIss trigger Passed

Number of leptons =0

Number of jets (pr > 20 GeV) >1

Leading jet pr > 100 GeV

Db (s, 7| > 1.0

Number of four-layer tracklets >1

Tracklet pr >20GeV | 20—-60GeV | > 20GeV 20—60 GeV
Tracklet E$Us < 5GeV <5GeV | >5GeV > 5GeV
Exiss < 150GeV | > 300GeV | < 150GeV | 150—300 GeV

Table 2. Summary of the event and tracklet selection requirements for the CRs associated with the
four-layer SRs.

the tracklet pr template (NN TRbad(

pr,1n)) by applying the same selections as the associated
SR, but with changed tracklet reconstruction requirements. In the TRs the track with the
highest pr is required to have at least 14 hits in the TRT detector, at least five hits in the
SCT, and be matched, within AR < 0.2, to a calorimeter energy cluster with E%lus > 3GeV,
and Efl? poclusd0 /ptTl”aCk > 0.5, resulting in a pure sample of hadronic tracks. Due to the
unavailability of a data-driven tag-and-probe method to calculate the transfer factors, pion
and electron “particle gun” simulation is used to estimate the probability to misidentify a
hadron as a short track (TF224,, ) by calculating the ratio of hadron MC events reconstructed
as tracklets to electron MC events reconstructed as tracklets and multiplying this by the
TFS,  cxet Value calculated from data as described above. A similar procedure is followed

to calculate TFhad, 4> which is subsequently used instead of TFMd, | to calculate the

had
calo-veto

estimate the likelihood of reconstructing a hadron without an associated calorimeter energy

SR contribution containing a low-energy pion. A transfer factor TF is applied to
cluster; it is calculated as the ratio of MC events containing a tracklet associated with a
calorimeter energy cluster within AR = 0.4 of the tracklet (when requiring ES" > 10 GeV)

to those without (when requiring EFCFluS < 5GeV). Both TFs are dependent upon pr and

had

Jad ¢) is applied to take into account differences

n. A pp-dependent smearing function (
between the hadronic track and the reconstructed tracklet.

After evaluating the tracklet pr distributions for the electron, muon, hadron and fake
backgrounds, they are used as the input to a binned likelihood fit (as described in section 8)
to provide a final estimate of the background distributions in the SRs, performing an
extrapolation to higher values of E%liss. The hadronic background tracklet distributions are
normalised using “sideband” CRs: CR*%S and CR*Mi43 (defined in table 2) for the four-layer
SRs, and CR3M°W1™S and CR3MiAI™S (defined in table 3) for both three-layer SRs, where the
“S” in the superscript denotes the sideband CR for the region. Applying this normalisation
results in a negligible dependence on MC when calculating the hadronic transfer factors.
Figure 6 presents a schematic overview of the general background estimation strategy with
the usage of CRs to normalise the hadronic background while the remaining backgrounds
are taken from their templates as described above.
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Variable ‘ CR3LOW17T CR3Midlﬂ' CR3High1ﬂ' CR3LOW17TS CRBMidlﬂ'S

E%liss trigger Passed

Number of leptons =0

Number of jets (pr > 20 GeV) >1

Leading jet pr > 100 GeV

N > 1.0

Number of three-layer tracklets >1

Number of charged pions >1

Tracklet pr > 20 GeV 20—60 GeV | 20—60GeV | > 20 GeV 20—60 GeV
Tracklet E§Us < 5GeV < 5GeV < 5GeV > 5GeV > 5GeV
Eiss < 150 GeV | 150—240 GeV | > 240GeV | < 150 GeV | 150—240 GeV

Table 3. Summary of the event and tracklet selection requirements for the CRs associated with the
three-layer SRs that contain a low-energy charged pion.

Variable ‘ CR3Low0r CR3Midor CR3HighOm
E%liss trigger Passed

Number of leptons =0

Number of jets (p > 20 GeV) >1

Leading jet pr > 100 GeV

AG (i1, 7) > 1.0

Number of three-layer tracklets >1

Number of charged pions =0

Tracklet pr > 20 GeV 20—60GeV | 20—60 GeV
Tracklet £ < 5GeV < 5GeV < 5GeV
Emiss < 150GeV | 150—280 GeV | > 280 GeV

Table 4. Summary of the event and tracklet selection requirements for the CRs associated with the
three-layer SRs that veto a low-energy charged pion.

To evaluate the fit procedure and background modelling, orthogonal validation re-
gions (VRs) are constructed by selecting events kinematically closer to the SR, and an
extrapolation of the CR backgrounds to the VRs is performed. Five VRs are defined, as
shown in table 5, with reversed selections on the tracklet pr, tracklet E%“S, or E%iss in order
to remain orthogonal to both the SRs and CRs.
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Figure 6. Schematic diagram for the background estimation strategy, describing the usage of template
regions (TRs), and relaxed selections to calculate transfer factors (TFs) before performing the fit using
control regions (CRs). The kinematic regions are orthogonal due to selections on ERS| tracklet pr,
and tracklet ES"S, with high calorimeter energies (“calo-side”) dominated by the hadron background,
and low calorimeter energies (“calo-veto”) dominated by the fake background.

Variable ‘ VR4Mid ‘ VR4MidS ‘ VR3Mid17r VRSMidhrS VR3Mid07r
Emiss trigger Passed

Number of leptons =0

Number of jets (pr > 20 GeV) >1

Leading jet pr > 100 GeV

|AG (i, 71| > 10

Number of four-layer tracklets >1 =

Number of three-layer tracklets - >1

Number of charged pions - >1 =0
Tracklet pr < 60 GeV > 60 GeV > 60 GeV > 60 GeV > 60 GeV
Tracklet B <5GeV > 5GeV <5GeV > 5GeV < 5GeV
Eiss 150—300 GeV | 150—300 GeV | 150—240 GeV | 150—240 GeV | 150—280 GeV

Table 5. Summary of the event and tracklet selection requirements for the validation regions.

7 Systematic uncertainties

Systematic uncertainties in the background estimates are driven by the uncertainties in
the transfer factors, normalisations and shape of the tracklet pr templates for the electron,
muon, hadron and fake backgrounds. These uncertainties are dominated by the statistical
uncertainties of the data in regions used to derive the background estimates, and are always
below 10%. When calculating values of parameters which are based on data, such as the TFs
and smearing functions, the statistical uncertainty of the data is used as a +1¢ variation.
When performing the statistical fit, the values of the transfer factors and the individual bins
of each tracklet pr template are allowed to vary within their statistical uncertainties. Each
source of background uncertainty (pp template statistical uncertainties, TFs, and smearing
functions) is treated as correlated across each set of associated CRs and SRs but uncorrelated
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between backgrounds, except TF2d | - which is correlated with TF¢,, . since both TFs are
used in the estimation of the hadronic background. No dedicated uncertainty is associated
with the overall background estimation methodology as, within other sources of uncertainties
including the statistics of the data, the predicted post-fit tracklet pr distributions in the
VRs are consistent with the data.

Several sources of experimental uncertainty in the SUSY signal estimates are considered.
The uncertainties are included in the likelihood fit as Gaussian nuisance parameters that
affect the expectation values for each SR bin. Jet energy scale and resolution uncertainties are
derived as a function of the jet pr, n, and flavour, using data and simulated events, as detailed
in ref. [104]. Lepton reconstruction and identification uncertainties [97, 98] are included in
the fit, but are found to have negligible impact. Uncertainties in the tracklet reconstruction
efficiency due to dead or inefficient modules are estimated using a tag-and-probe method
comparing Z — pupu MC and data. An n-dependent difference of up to 10% between data
and MC is found and this inefficiency is added as an uncertainty. A 6% uncertainty is
applied due to selection differences between data and MC V +jets events. An uncertainty
related to the low-energy charged pions is also applied, combining uncertainties of 10% in
the reconstruction efficiency, taken from ref. [109], and 6% in the BDT selection efficiency,
evaluated by varying the BDT input parameters by 1o and examining the effect on the
output score. All uncertainties in the final-state object reconstruction are propagated to
the EIT]rliSS calculation, including an additional term taking into account uncertainties in the
scale and resolution of the soft term [106]. In the SR*Mi4 region, the EXsS selection used is
in the “turn-on” region of the E%ﬁss trigger where the trigger is found to be between 85%
and 90% efficient for the signal event topology. Therefore, a trigger efficiency uncertainty
is also applied, as an uncertainty in the signal yield.

The theoretical uncertainties originating from the choice of factorisation and renormali-
sation scales for the SUSY signal samples are evaluated by varying the corresponding MC
generator parameters by a factor of two around their nominal values. The uncertainties
associated with the choice of PDF set [71] and the value of the strong coupling constant are
also considered. Finally, five variations of the A14 tune of PYTHIA are used to account for ISR
modelling effects due to the underlying event, jet structure, and different aspects of extra jet
production. The total uncertainty from experimental sources is found to be ~5% for all signal
scenarios. The theoretical modelling uncertainties contribute up to 20%, increasing with
increasing X% /T-slepton mass, and are primarily driven by the ISR modelling uncertainty.

Figure 7 presents a breakdown of systematic uncertainties affecting the background
estimates in the SRs, grouped by the source of the uncertainty. The total uncertainty may
not simply be the sum in quadrature of the individual uncertainties, because the fit can
induce correlations between the components. In all SRs, the dominant uncertainty comes
from the normalisation of the fake background, and the subdominant uncertainty in most
regions arises from the shape of the fake background. Due to the limited number of tracklets

R3High1ﬂ'

available for the tracklet pr templates in the S region, the statistical uncertainty of

the template shape contributes significantly to the background uncertainty in this region.
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Figure 7. A summary of the systematic uncertainties affecting the background estimates in the SRs
after the likelihood fit to data in the CRs is performed (“Post-fit”). The total uncertainty is indicated
by a solid black line. The individual uncertainties may not sum in quadrature to the total uncertainty,
due to correlations between the different components. The uncertainties arising from the estimation
of the fake-tracklet background, which are the dominant uncertainties, are shown as blue dashed lines.

8 Results

Three profile likelihood fits are performed: to assess the accuracy of the SM background
determination (background-only fit), to compute the p-value of the SM-only hypothesis
(model-independent fit), and to evaluate the confidence level (CL) for excluding a specific
new-physics hypothesis (model-dependent fit) [110]. Due to the low event yields in the SRs,
pseudoexperiments are used for statistical interpretation of the results when performing the
model-independent fit, while the asymptotic approximation [111] is used when performing
the model-dependent fit.

When performing the background-only fit, the hadronic background yield is allowed to
float in the CRs, resulting in a set of normalisation factors which are uncorrelated between
SRs. One hadronic normalisation factor is calculated for each SR and is propagated as a
general scaling factor to the SR’s tracklet pr distribution. Only the CRs, and not the SRs,
are used to constrain the SM background. The electron, muon and fake-tracklet background
yields are allowed to vary within their uncertainties when the fit is performed, but no overall
normalisation is derived for these backgrounds.

Figure 8 presents an overview of the CRs after the background-only fit. The CRs that are
used to normalise the hadronic backgrounds have, by design, a ratio of data to background
event yield of one, whereas the other CRs that are used to derive the tracklet pr distribution
for the fake background are not normalised and the data—MC difference is applied as the
SF fg%eiss value from the fake-background estimation procedure before performing the fit.

To evaluate the fit procedure and background modelling, the CR normalisations are
extrapolated to the VRs and the results are compared with data and validated before
performing the same extrapolation to the SRs. Good agreement is seen between the data
and prediction when examining the modelling of the tracklet pt shape in three of the VRs
as shown in figure 9. The tracklet pt distribution differs between the electron and muon
backgrounds because an electron is more likely to undergo bremsstrahlung than a muon.
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Figure 8. The post-fit yields in the CRs. All statistical and systematic uncertainties are considered
in the error bands. Three representative pre-fit signal yields are indicated with dashed lines.

The level of post-fit agreement in the VRs and SRs is shown in figure 10, which also shows
the statistical significance [112] of the observed data yields and the background prediction
in each of the regions. Good agreement is seen in the VRs. Small excesses are seen in
SR4High and SR3MiEM™  corresponding to local significances of 1.90 and 1.00 respectively.
These discrepancies and how the events compare with the previous analysis are discussed
further at the end of this section.

Figure 11 presents post-fit distributions of the tracklet pt in each SR. In the regions where
a relatively high number of background events are expected (SR*Md and SR3High0m) the
data are in good agreement with the background estimates, with the distributions agreeing
within uncertainties. Due to the small number of events in SR*Hi&h and SR3HIEM™ Jegg
can be discerned from the level of agreement of the tracklet pr distributions. Figure 11(a)
shows the presence of three data events in a single SR*H8" bin, corresponding to tracklet
pr values of 139 GeV, 142 GeV and 152 GeV.

Table 6 shows the observed and expected yields in the SRs, as well as the model-
independent fit results in each SR. The model-independent fit uses the same CRs as the
background-only fit. A single-bin SR is also included in the fit by summing the individual
tracklet-pp bins in a given region. The hadronic background is then allowed to float in the
CRs and the single-bin SR. This method uses a profile-likelihood-ratio test statistic [111],
where a generic new-physics signal of intensity jie is assumed to contribute exclusively to each
individual, single-bin SR, and is used to assess the p-value of the background-only hypothesis

(corresponding to fsi; = 0) and to extract 5% and Sggs, i.e. the expected and observed

exp
95% CL limits on the number of signal events in the SR, using the CLg prescription [113].
The S, limit is also converted to a limit on the visible cross-section o2 by dividing by

the total integrated luminosity.
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Figure 9. The post-fit tracklet pr distributions in (a) VRAMS ' (b) VR3MIAOT and (c) VR3Midlr,
The dashed vertical line denotes the boundary between the CR and VR selections. The pre-fit signal
distributions are indicated with dashed lines. The lower pad shows the ratio of the observed yields to
the post-fit predicted background yields. The last bin includes overflow events. All statistical and
systematic uncertainties are considered in the error bands.

In the absence of a significant excess in the observed data, 95% CL exclusion limits are
placed on the SUSY signal scenarios by statistically combining all SRs, binned in tracklet pr,
which provides greater sensitivity than simply considering only one SR at a time. The binning
is chosen such that the low tracklet-pr bins retain sufficient granularity to ensure fit stability
and signal sensitivity, with wider bins used as tracklet pr increases, reflecting the poorer
tracklet pt resolution and limited discrimination power of the highest bins. The reweighting
procedure used to extrapolate signal scenarios to larger mass splittings could potentially
affect the soft-pion kinematics. To prevent modelling issues related to changing soft-pion
kinematics, the 3-layer SR selections are not applied to signals with lifetimes of greater
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Figure 10. The observed and expected event yields in the VRs and SRs. The lower pads show the ratio
of the observed yields to the post-fit predicted background yields and the statistical significance [112]
of the observed data. A red arrow is used to indicate that a ratio value is outside the displayed interval.
The background estimates are calculated from the background-only fit. All statistical and systematic
uncertainties are considered in the error bands. Three representative pre-fit signal yields are indicated
with dashed lines.

than 0.2ns. The range of mass splittings considered corresponds to a 200 MeV difference
and this strict cut-off ensures that the soft-pion modelling is applied only to regions with
low mass splittings and consistent pion kinematics. A model-dependent fit is used, where
each signal scenario is introduced and a fit to the tracklet pr distribution is performed,
with CRs and SRs used to normalise the hadronic background and determine the signal
strength for a specific signal model. The four-layer regions dominate the sensitivity, and
although the expected sensitivity in the SUSY models is significantly better than in the
previous analysis [43], by around 100 GeV in SUSY particle masses, the small excess in
SR*High weakens the observed exclusion limit.

The model-dependent limits for wino pair production are shown in figure 12, where
wino-like charginos with lifetimes of 1ns and masses up to 1020 GeV are expected to be
excluded. The small excess observed in the signal regions results in a weaker observed mass
exclusion limit of 880 GeV. Figure 13 shows the model-dependent limits for higgsino pair
production, where in the long-lifetime region of ~1 ns, the sensitivity extends up to masses of
720 GeV (840 GeV expected). Figures 12 and 13 also show the exclusion sensitivities when
converting the chargino lifetime to the mass-splitting between the electroweakinos and when
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Figure 11. The post-fit tracklet pr distributions in (a) SR*Heh (b) SRAMid (¢) SR3HEMO™ anqd (d)
SR3Highl™  The dashed vertical line denotes the boundary between the CR/VR and SR selections. The
lower pad shows the ratio of the observed data yields to the post-fit predicted background estimates. A
red arrow is used to indicate that a ratio value is outside the displayed interval. The last bin includes
overflow events. All statistical and systematic uncertainties are considered in the error bands. Three
representative pre-fit signal yields are indicated with dashed lines.

comparing it with the theoretical expectation for mass splitting in wino- or higgsino-like
scenarios. In the wino-like case, charginos are excluded for masses up to 670 GeV (770 GeV
expected), while in the higgsino-like case, charginos are excluded for masses up to 225 GeV
(250 GeV expected), improving upon previous results by 15GeV. Compared to the previous
analysis, this search is able to exclude smaller values of the signal cross-section. For example,
when considering a higgsino signal scenario of m()a_L) = 300 GeV and T(>~<:1t) = 0.05ns the
signal cross-section exclusion limit is a factor of 2.5 times lower than the previous result.
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SR4High SR4Mid SRBHighlr SRBHighOﬂ'

Fake Bkg. 0.33+0.14 6.8+ 1.1 0.62 +0.16 10.9+0.8
Hadron Bkg. (54+4)x 1074 (7T£7) x107%  0.029 4+ 0.014 0.011 £ 0.021
Electron Bkg.  (3.74+2.1) x 107* (4.6 +2.7) x 1072 (10£9) x 107° (25+1.3) x 1074
Muon Bkg. 0.342 £ 0.015 3.28 +£0.14 (1.14£0.6) x 1073 0.068 & 0.009
Total Bkg. 0.68 +0.14 10.1+ 1.1 0.65+0.16 11.0 +0.8
Observed 3 12 2 8
po (Z) 0.033 (1.9) 0.26 (0.6) 0.14 (1.1) 0.5 (0)
S 3.7108 12.3+36 32759 83728
S9%. 6.0 12.4 5.0 5.8

% [fb] 0.044 0.090 0.037 0.043

Table 6. Summary of the observed and post-fit expected SR yields, with “Bkg.” denoting background,
and the model-independent fit results. All systematic and statistical uncertainties are considered.
The calculated pg-value is capped at 0.5 and shown together with the corresponding significance in
standard deviations (7).
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Figure 12. The expected (dashed line) and observed (solid line) 95% CL exclusion contours for

wino production as a function of the chargino mass and (a) lifetime, or (b) mass splitting of the
electroweakinos. The dotted lines indicate the +0theory from signal cross-section uncertainties, while the
solid band indicates the £0ey, from experimental systematic uncertainties and statistical uncertainties
on the data yields. The solid grey area shows the region excluded by ref. [43]. The dashed-dotted line
is the prediction of the chargino lifetime or wino mass splitting as a function of the chargino mass as
predicted by the SM loop corrections [14].

When considering m(ﬁ[) = 500 GeV and 7'(>~(1i) = 0.1ns the signal cross-section exclusion
limit is a factor of 1.8 lower than in the previous analysis.

The 95% CL exclusion limits in the 7-slepton scenarios are presented in figure 14. Due
to the small cross-section for 77 production, the signal yield is too low in the three-layer
SRs to offer sensitivity, so only the four-layer SRs and associated CRs are used in the model-
dependent fit. The sensitivity in CMSSM- and GMSB-inspired scenarios is comparable, with
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Figure 13. The expected (dashed line) and observed (solid line) 95% CL exclusion contours for
higgsino production as a function of the chargino mass and (a) lifetime, or (b) mass splitting of
the electroweakinos. The dotted lines indicate the f0theory from signal cross-section uncertainties,
while the solid band indicates the oy, from experimental systematic uncertainties and statistical
uncertainties on the data yields. The solid grey area shows the region excluded by ref. [43]. The
dashed-dotted line is the prediction of the chargino lifetime or higgsino mass splitting as a function of
the chargino mass as predicted by the SM loop corrections [21].
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Figure 14. The expected (dashed line) and observed (solid line) 95% CL exclusion contours for
7-slepton production in (a) CMSSM-inspired scenarios and (b) GMSB-inspired scenario. The dotted
lines indicate the +0theory from signal cross-section uncertainties, while the solid band indicates the
+0exp from experimental systematic uncertainties and statistical uncertainties on the data yields.

7-sleptons excluded for masses up to around 320 GeV and 300 GeV (390 GeV and 380 GeV
expected), respectively, for a mass difference of ~2 GeV between the 7-slepton and X1 /G
(corresponding to 7-slepton lifetimes of ~1ns).

Due to changes in the analysis strategy since the previous analysis in ref. [43], particularly
in the reconstruction of the tracklets, a direct comparison of the SRs is non-trivial, as the
previous analyses used five-layer tracking and did not use the additional SCT data quality
R4High

veto. Despite this, it is found that one of the events selected by S was also one of the

three events selected by the previous analysis. The two new events in SR*1&h are selected
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because of improvements in track reconstruction. The two events selected by SR3Highlw
are likely to stem from a hadronic interaction in the ID material as a secondary vertex
is reconstructed in a region with known material. The resulting kink in the particle path
results in a reconstructed tracklet rather than a standard track. A “material veto” was
considered in the analysis design to avoid such events, but was not adopted as it had a highly
detrimental impact on the signal acceptance.

9 Conclusion

A search for new physics in final states containing a disappearing track and ErTniss, indicative

of a heavy charged particle decaying after traversing only the innermost layers of the ATLAS
detector, has been performed using 137 fb~! of data from /s = 13 TeV pp collisions at the
LHC. Two BSM scenarios are considered, the first being electroweakino pair production with
at least one chargino, where )ﬁc — 7£XY. The second set of scenarios considered are those of
T-slepton pair production: a CMSSM-inspired scenario where the 7-slepton decays as 7 — 7‘92(1),
and a GMSB-inspired scenario where it decays as 7 — 7G. The analysis uses four signal
regions for a final state with zero leptons, one jet, high EITniSS, and a tracklet. Improvements
in the analysis techniques, including the reconstruction of tracklets from hits in only three
pixel layers and a dedicated BDT to reconstruct low-energy pions, increased the sensitivity
compared to the previous Run-2 analysis. Data-driven methods are used to estimate the
backgrounds, which arise when a stable particle is incorrectly reconstructed as a tracklet or
when random combinations of inner-detector hits are incorrectly identified as a tracklet.

The data observations agree with the SM expectation to within 20. The results are
interpreted in simplified SUSY models. For higgsino production, chargino masses of up to
225 GeV (250 GeV) are observed (expected) to be excluded at 95% CL in the lifetime regime
7 < 0.03 ns where the electroweakino mass splitting is motivated by loop corrections due to
SM bosons. These are currently the strongest exclusion limits in this region of phase space.
For longer lifetimes up to 1ns, exclusion limits of up to 720 GeV (840 GeV) are set. For wino
production, charginos with masses of up to 830 GeV (1020 GeV) are excluded for lifetimes of
around 1ns. In CMSSM- and GMSB-inspired 7-slepton production scenarios, the observed
(expected) T-slepton mass exclusion limits reach 320 GeV (390 GeV) and 300 GeV (380 GeV)
respectively, in the case of 7-slepton lifetimes of around 1 ns.
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